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ABSTRACT

Since the 1990's the Greenland Ice Sheet (GrIS) has been losing mass at an accelerating rate in
response to climatic warming and is currently the largest terrestrial contributor to sea-level rise.
While ice sheet models agree the GrIS will continue losing mass throughout the century, there
are significant uncertainties associated with future sea-level rise contributions. Predicting the
GrIS's response to future climate warming scenarios is limited by gaps in our understanding of
the links between ice sheet hydrology and dynamics. Meltwater produced on the ice surface flows
within supraglacial streams that deliver it to crevasses or moulins—vertical conduits extending
from the ice surface to the ice sheet's bed. When the rate of meltwater delivery to moulins exceeds
the hydraulic capacity of the moulin-connected subglacial drainage system, meltwater will
temporarily backup within moulin shafts, increasing water pressures at the bed which can
increase sliding speeds. Despite the central role of moulins in connecting supraglacial and
subglacial hydraulic systems, little is known about their role in coupling hydrology and sliding
on the GrIS.
This dissertation uses several new data sets acquired within the ablation area of Sermeq
Avannarleq in the western GrIS to further our understanding of the hydraulic systems that
influence sliding within the GrIS ablation area. First, I investigate whether delays in the timing of
meltwater delivery for more extensive, higher-elevation catchments could explain the previously

viii

progressively later timing of peak daily ice velocity observed with increased elevation and
distance from the ice sheet's margin. We measured meltwater delivery to moulins, moulin water
level, and the ice velocity response for two moulins at different elevations. Our results show that
differences in the timing of meltwater delivery caused peak moulin water level to consistently
occur later in the day at our higher-elevation moulin, lagging behind peak pressure at the lower
elevation site by 1–3.25 hours. However, delays in the timing of meltwater delivery to moulins
and the timing of peak moulin water level did not entirely account for the delays in ice velocity
at our higher-elevation site. These observations indicate that there are non-local controls on
sliding at higher elevations.
Next, I reassess whether the size and location of internally drained catchments (IDCs)—
the area on the ice sheet's surface that drains via supraglacial stream networks into a terminal
moulin—are static features. We document significant interannual variability in the flow paths of
the highest-order streams within two mid-elevation catchments. Snow-infill of the previous year's
incised streams over the winter created snow plugs that diverted flow away from the catchment's
terminal moulin during the subsequent melt season. Instead, the supraglacial streams incised
through drainage divides, altering the size, shape, and number of IDCs in this part of the ablation
area.
Finally, I investigate the importance of channelization relative to the connection of
isolated cavities in controlling seasonal ice deceleration within the GrIS ablation area. I use
observations of the ice-dynamic response to a passing subglacial floodwave following the rapid
draining of several supraglacial lakes. We argue that the reduction of daily minimum sliding
speeds can be explained by the transient connection of isolated cavities rather than the growth of
ix

subglacial channels. These observations build upon previous work to show that changes within
poorly connected parts of the subglacial drainage system can explain slowdowns previously
attributed to increased channelization.

x

CHAPTER ONE
INTRODUCTION

1.1.

Importance Statement

The Greenland Ice Sheet (Sermersuaq in the Kalaallisut language) is currently storing 2x106 km³ of
ice which is enough to raise global sea-level by 7.42 m if melted completely (Morlighem et al.,
2017). Since the 1990's, the Greenland Ice Sheet (GrIS) has been losing mass at an accelerating rate
(Rignot et al., 2011; van den Broeke et al., 2009; Velicogna, 2009; Yang et al., 2013). Between 1992
and 2018, the GrIS lost 3,902±342 Gt of ice which contributed 10.8±0.9 mm to the global sea-level
(Shepherd et al., 2020; Table 1.1). Mass loss from the GrIS has accounted for ~15% of global mean
sea-level between 1993–2018 (Cazenave et al., 2018). Throughout the rest of this century, the GrIS
will continue losing mass and contributing to sea-level rise under both low and high emissions
scenarios (Goelzer et al., 2020). Of major concern are the significant uncertainties associated with
sea-level rise projections, some of which are of the same order of magnitude as the projections
themselves (Hanna et al., 2020; Hock et al., 2019). For example, Goelzer and others (2020) estimate
a potential GrIS sea-level contribution of 90±50 mm by 2100 under the Representative
Concentration Pathways RCP8.5 high emissions scenario. Ice sheet model uncertainty is the
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largest single source of error (more extensive than uncertainties associated with climate models
or oceanic forcing), accounting for ±20 mm of the ±50 mm uncertainty (Goelzer et al., 2020).
Estimates of future sea-level rise uncertainties do not account for other physical processes
that affect mass loss. A critical physical process missing from most models is meltwater's
influence on subglacial water pressures, which affect basal lubrication and ice velocity.
Meltwater-induced velocity variations are well documented on both alpine glaciers
(Bartholomaus et al., 2011; Fountain & Walder, 1998; Iken, 1981; Iken & Bindschadler, 1986; Iken
& Truffer, 1997; Kamb et al., 1994; Willis, 1995; Wyatt & Sharp, 2015) and within the GrIS
(Andrews et al., 2014, 2018; Bartholomew et al., 2010; Cowton et al., 2016; Das et al., 2008; Hoffman
et al., 2011; Sundal et al., 2011). Recent studies from the GrIS ablation area even show that basal
motion—the ice sheet sliding over the bed and till deformation where present rather than internal
deformation (Figure 1.1)—accounts for up to 90% of summer surface ice velocity and 44–73% of
winter velocity observations (Ryser et al., 2014). Enhanced sliding affects GrIS mass losses by
increasing calving rates (for marine-terminating areas) and drawing down upglacier ice which
causes extensional thinning. Ice sheet thinning subjects larger ice surface areas to warmer air
temperatures that enhance melting and drive a positive surface mass balance–elevation feedback
(Lenton et al., 2008).
Efforts are currently underway to incorporate hydrology driven ice-dynamics into ice
sheet models (Hoffman et al., 2018). The incorporation of hydrodynamic coupling is limited by
incomplete understanding of the physical processes involved and the scarcity of direct hydrologic
measurements required to calibrate and validate models. This dissertation aims to further our
understanding of the hydraulic systems that control sliding within the GrIS ablation area.
2

Below, I summarize meltwater propagation through the glacial hydraulic system by
providing a brief background covering the supraglacial, englacial, and subglacial drainage
systems. In the final section of this chapter, I describe this dissertation's structure, and then I
address chapters two through four individually. I detail each chapter's specific research question,
describe our approach, and how our results answer each research question. Figures and Tables
referenced within the text are located at the end of the chapter on individual pages.

1.2.

Glacial Hydrology and Ice Dynamic Coupling

The supraglacial drainage system describes how meltwater is transported across the ice surface
of glaciers and ice sheets. Meltwater produced on the ice surface flows downslope to form
complex networks of thermally incised channels. These channels route meltwater over the ice
surface, where it is either stored within supraglacial lakes or enters the englacial drainage system
via crevasses or moulins—vertical conduits penetrating the full ice thickness to reach the bed.
Moulins connect to the most efficient parts of the subglacial drainage system, where fluctuations
in moulin water levels (i.e., the storage and release of meltwater within the moulin's shaft)
modulate subglacial water pressures. Fluctuations in water pressures within the moulinconnected drainage system can modify basal traction and sliding speeds. In this way, meltwater
inputs to moulins influence sliding speeds on alpine glaciers (Gulley et al., 2012; Iken, 1972; Iken
& Truffer, 1997) and the GrIS (Andrews et al., 2014; Cowton et al., 2013).
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1.2.1.

Supraglacial hydrology

Meltwater produced on the ice surface flows downslope to form complex networks of thermally
incised channels over the course of the melt season (e.g., Smith et al., 2015). As meltwater flows
within a channel, potential energy is converted to kinetic energy, much of which is dissipated as
heat that melts the channel boundary. Arborescent supraglacial channel networks can form over
the course of the melt season because the rate of thermal erosion within channels is greater than
the ablation rate of the surrounding ice surface (Knighton, 1981; Marston, 1983). Channels can
incise vertically at rates of several centimeters per day, rates of more than 10 cm per day have
been recorded for Swiss alpine glaciers (Ferguson, 1973), and rates of 2–4 cm per day on the GrIS
(McGrath et al., 2011). These supraglacial streams and rivers can vary significantly in their size
and form and can exhibit many of the alluvial features found in terrestrial systems such as
meanders (Knighton, 1972, 1985) and canyons (Benn et al., 2008; Gulley et al., 2009; St Germain &
Moorman, 2019).
Internally drained catchments (IDCs) refer to the area drained by supraglacial stream
networks into a moulin (K. Yang & Smith, 2016). Empirical studies show that the size and shape
of IDCs control the timing and discharge into moulins and, therefore, water pressures at the bed
(Joughin et al., 2018; McGrath et al., 2011; K. Yang et al., 2016; K. Yang & Smith, 2016). For
example, catchment geometry can induce temporal lags between meltwater production and
delivery to moulins that range from 2–8 hours for 799 catchments in southwest Greenland (Smith
et al., 2015), or 1–11 hours for catchments ranging in size from 0.04–58.9 km2 (L. A. King, 2018).
Changes in the drainage efficiency of supraglacial channel networks can also affect the timing of
meltwater delivery to moulins (K. Yang et al., 2018; K. Yang & Smith, 2016), indicating spatial
4

and temporal differences in the timing of meltwater delivery to moulins. While progress has been
made in developing supraglacial meltwater routing models (Banwell et al., 2012; Gleason et al.,
2020; L. King et al., 2016; Koziol et al., 2017; Smith et al., 2017; K. Yang et al., 2018, 2019), more
observational datasets are needed to constrain these models.

1.2.2.

Moulins and subglacial hydrology

Moulins are essential features in the Greenland Ice Sheet's (GrIS) hydraulic system because they
deliver meltwater from the ice sheet's surface to discrete points at the bed, connecting the
supraglacial and subglacial drainage systems (Figure 1.2). The subglacial drainage system is
typically described in terms of efficiency that describe how quickly water can drain through the
system. Efficient drainage describes water flow through low-pressure channels which can quickly
drain large volumes of water. Subglacial channels, such as Röthlisberger channels that are melted
into ice at the ice-bed interface, exist when the heat dissipated by flowing water melts the
channel’s walls is faster than the creep closure exerted by the overlying ice (Rothlisberger, 1972;
Walder & Fowler, 1994). Inefficient drainage describes water flow through a high-pressure
network of linked cavities. Subglacial cavities form on the lee-side of bedrock bumps where
sliding decouples ice from the bed (Walder, 1986). Figure 1.3 illustrates the physics of subglacial
channels and cavities and is more fully described in section 1.2.2.1. Governing equations for
subglacial channels and cavities.
Moulins connect to the most efficient parts of the subglacial drainage system where
fluctuations in moulin water levels (i.e., the storage and release of meltwater within the moulin's
shaft) modulate subglacial water pressures (Andrews et al., 2014; Cowton et al., 2016; Iken, 1972).
5

When the rate of meltwater inputs to moulins exceeds the hydraulic capacity of the subglacial
channels, channels will pressurize, and meltwater will be stored temporarily within the moulin's
shaft (Figure 1.2, red arrows). As moulin water level increases, so do water pressures at the bed.
At this time, water can be driven outward into the surrounding high-pressure inefficient linkedcavity system (Bartholomaus et al., 2007; Gulley et al., 2012). Increased subglacial water pressures
decrease basal traction and promote sliding. Because ice velocity responds to basal traction
integrated over an area of the bed equivalent to a few ice thicknesses (Gudmundsson, 2003), ice
velocity will increase as high subglacial water pressures expand across the bed.
Backpressure will eventually begin to dissipate when the rate of meltwater discharged
into the moulin decreases or by channel growth due to melt enlargement from the flowing water
(Figure 1.2, blue arrows). At this time, pressures will begin to decline within the subglacial
channel, reversing the hydraulic gradient at the bed. Water injected out into the distributed
drainage system will flow back towards the conduit. Meltwater stored within the moulin's shaft
will begin to drain, thereby lowering moulin water levels and pressures at the bed. As pressures
fall within the subglacial drainage system, so will ice velocities. Viscous creep of the overlying ice
will close cavities and conduits as water pressures decrease (Nye, 1953) at a rate governed by the
balance between subglacial water pressures and ice thickness.

1.2.2.1. Governing equations for subglacial channels and cavities
The physics of both drainage configurations is captured by the following equation that describes
the time evolution of a subglacial cavity or channel’s cross-sectional area S (Schoof, 2010):
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𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

=

𝑐𝑐���
1 𝑄𝑄𝑄𝑄
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+

𝑢𝑢�
𝑏𝑏 ℎ
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(1)

𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑢𝑢𝑠𝑠 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

where Q is water discharge, 𝜓𝜓 is the conduit hydropotential gradient, and 𝑁𝑁 = 𝑝𝑝𝑖𝑖 − 𝑝𝑝𝑤𝑤 is effective

pressure within the conduit (pi ice overburden pressure less pw water pressure). The first term

represents melt enlargement due to heat dissipation at the conduit walls. The second term
represents cavity enlargement due to ice sliding over the bed at a rate 𝑢𝑢𝑏𝑏 over a bed protrusion

of height h. The final term is the rate of viscous creep closure of the overlying ice, where n is Glen's

flow law exponent. The constants C1 and C2 relate to the latent heat of fusion and ice viscosity
respectively.
Subglacial channels are mainly controlled by the balance between melt enlargement via
frictional melting of their walls and the creep closure of the overlying ice (Figure 1.3 a). This
allows us to remove the second term in Equation 1. Cavities on the other hand are mainly
controlled by the balance between the opening from sliding and viscous creep closure of the
overlying ice. In this case the term for heat dissipation is small, which allows us to eliminate the
first term from Equation 1 (Figure 1.3 b). As a result, we can break Equation 1 into the following
two equations to describe the evolution of channels and cavities as:
𝑑𝑑𝑑𝑑
=
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These equations demonstrate that the creep closure term—a function of effective pressure—has
an important control on the evolution of channels and cavities.
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1.2.2.2. Seasonal evolution of the GrIS subglacial drainage system
Ice velocity decreases during the melt season have been interpreted to reflect a transition from an
inefficient, distributed drainage system consisting of high-pressure linked cavities and till
aquifers to an efficient drainage system composed of low-pressure conduits (Chandler et al., 2013;
Colgan et al., 2011; Sole et al., 2013; Sundal et al., 2011). Conduits are thought to be able to enlarge
in order to accommodate sustained meltwater influxes and drain water from the surrounding
inefficient drainage system, thereby reducing subglacial water pressures and slowing sliding
speeds.
Recent observations, however, suggest seasonal slowdowns may be controlled by
dewatering high-pressure, hydrologically isolated cavities. The isolated drainage system consists
of water-filled cavities which form on the lee-side of bedrock bumps where sliding decouples ice
from the bed (Iken & Truffer, 1997; Lliboutry, 1968; Walder, 1986). Isolated cavities exist between,
and are isolated from, distributed and channelized regions of the subglacial drainage system.
Isolated cavities can connect and drain into the distributed drainage system when meltwater
overwhelms the subglacial drainage system and creates connections that allow water to drain out
of high-pressure cavities (Andrews et al., 2014; Hoffman et al., 2016; Rada & Schoof, 2018). Despite
recent evidence that suggests isolated cavities exert important controls on sliding in the GrIS
ablation area, the relative importance of isolated cavities and channels is still debated due to the
limited number of direct subglacial pressure measurements in the GrIS ablation area.
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1.3.

Purpose and Scope

This work uses data collected from the Paakitsoq Region of Sermeq Avannarleq (69.3833°N,
50.2667°W), an outlet glacier on the western GrIS. Sermeq Avannarleq (Sermeq meaning "glacier"
and Avannarleq meaning "north") is the glacier just north of well-known Sermeq Kujalleq (foreign
name: Jakobshavn Isbræ) and is close to the city of Ilulissat (the Kalaallisut word for icebergs),
the third-largest city in Greenland (Bjørk et al., 2015). During the summer of 2017, we established
two field camps within Sermeq Avannarleq's ablation area: a lower elevation site Low Camp, 700
m.a.s.l., and a higher elevation site High Camp, 900–1,000 m.a.s.l. (Figure 1.4). Data collection
ended with the removal of all of the deployed instruments in August 2019. Data collected during
these field campaigns have been deposited into the Arctic Data Center’s repository (Mejia et al.,
2020a; Mejia et al., 2020b; arcticdata.io/portals/moulin) and the Geodetic Facility for the
Advancement of Geoscience (GAGE) Facility operated by UNAVCO, Inc. (Mejia et al., 2020c).
Python scripts can be found on GitHub—github.com/jzmejia.
In this dissertation, I present three bodies of work formatted as individual scientific
journal publications. Accordingly, each chapter has an introduction that provides background
information and outlines the knowledge gap addressed by the research questions therein.
Because each chapter is composed as a stand-alone manuscript, some methods are described
multiple times, and the data that is presented is limited to what is relevant for each study. For
this reason, I have ordered the chapters such that the entire scope of our study area and data sets
are described in the first chapter. In the subsequent two chapters, I focus on data collected from
a single location. A complete bibliography for the in-text citations is included as the last
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subsection of each chapter. Finally, tables and figures referenced within the text are on individual
pages at the end of each chapter.
In chapter two, entitled Spatial and Temporal Lags in Meltwater Propagation Through the
Greenland Ice Sheet Hydraulic System, we investigate previously identified variability in the timing
of peak daily sliding speeds (Hoffman et al., 2011). Hoffman and others (2011) showed that peak
sliding speeds occurred later in the day at upglacier sites relative to sites closer to the margin, as
well as peak sliding occurring progressively earlier in the day as the melt season progressed.
These observations reveal spatial and temporal differences in hydrodynamic coupling that are
not currently captured by ice sheet models (Schoof, 2010). We test whether differences in
temporal lags between meltwater production and delivery to moulins explain the spatial and
temporal variability in peak sliding speeds previously identified within the GrIS ablation area.
We constrained the timing of peaks in melting, supraglacial stream stage, moulin hydraulic head,
and peak ice sliding speeds for two catchments at different elevations. Increased temporal lags
between peak meltwater production and delivery caused peak moulin water levels to occur ~2
hours later at our upglacier site relative to our downglacier sites. This delay did not entirely
account for the timing of peak sliding speeds which lagged peak moulin water level by 2.8±2.0
hours and indicates there are non-local controls on sliding at higher elevations on the GrIS. On
seasonal timescales, we observed decreasing lag times between meltwater production and
delivery to moulins that corresponded to the retreating snowpack over the course of the melt
season. Altogether, our observations demonstrate how heterogeneity in supraglacial drainage
basins can be transferred to pressures within the subglacial drainage system. While more work
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needs to be done to fully understand hydrodynamic coupling at higher elevations within the
ablation area, this work provides an essential dataset to constrain meltwater inputs to subglacial
hydrology models.
In chapter three, entitled Breaching Topographic Divides: Interannual Variability of Internally
Drained Catchments, we reassess whether the size and location of internally drained catchments—
the area on the ice sheet's surface that drains via supraglacial stream networks into a terminal
moulin—are static features. For internally drained catchments (IDCs) to be fixed, the highest
order streams should adhere to large-scale ice surface topography. As such, we test how well the
highest-order supraglacial streams draining three mid-elevation IDCs adhere to large-scale ice
topography and compare their flow paths over two consecutive melt seasons. The flow paths of
the largest supraglacial channels within two of the three IDCs varied between years. Snow-infill
of the previous year's channels over the winter created snow plugs that diverted flow during the
subsequent melt season. In 2018, each channel incised through topographic highs and terminated
into different terminal moulins than the year before. These observations demonstrate that
thermally incised channels that breach topographic divides can change the size, location, and
number of IDCs in the GrIS ablation area.
In chapter four, entitled Isolated Cavities Dominate the Greenland Ice Sheet Dynamic Response
to Lake Drainage, we investigate the importance of channelization relative to the connection of
isolated cavities in controlling seasonal ice deceleration within the GrIS ablation area. Specifically,
we examine the ice-dynamic response several kilometers along the subglacial floodwave
following several supraglacial lakes' rapid drainage. We use simultaneous measurements of
moulin hydraulic head, ice displacement, and glacio-hydraulic tremor recorded before, during,
11

and after the subglacial floodwave drained past our field site to show that ice velocity slowed to
winter background speeds without increasing the hydraulic capacity of the moulin-connected
drainage system. Diurnal minimum ice velocities dropped to these slower background speeds
without a similar decrease in minimum moulin water levels. We interpret these observations to
reflect the drainage of previously isolated cavities triggered by the subglacial floodwave. These
observations build upon previous observations (Andrews et al., 2014) and models (Hoffman et
al., 2016) that highlight the significant role of poorly connected regions of the subglacial drainage
system in seasonal ice dynamics.
Finally, in chapter five, I summarize the key conclusions developed within chapters two
through four. I then discuss how each chapter has advanced our understanding of GrIS
hydrology. In the end, I consider potential directions for future research in light of our improved
knowledge developed herein.
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Table 1.1.

Greenland Ice Sheet mass loss: 1992–2018.

Blue numbers refer to mass loss in average Gt per year within highlighted period and red
indicates the equivalent sea-level rise in mm. Gray-blue background indicates data are derived
from Bamber and others, 2018, blue background (second from top) indicates data are derived
from Colgan and others, 2019, and the pink background (top) indicates data derived from
Shepherd and others, 2020. Arrows indicate the year of publication.
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Figure 1.1. Basal velocity and ice deformation contribution to surface ice velocity. Diagram
adapted from (Hooke, 1998), showing surface ice velocity with contribution from ice deformation
(solid black line and gray horizontal arrows) and basal velocity. Basal velocity (𝑢𝑢𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 ) is a
combination of sliding induced by till deformation (𝑢𝑢𝑑𝑑 ) and slip (𝑢𝑢𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ). 𝑢𝑢𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 is the ice velocity.
measured at the ice surface and 𝛼𝛼 is the angle of the ice surface. Ice velocity at a depth below the
ice surface (h) is described by 𝑢𝑢(ℎ) = 𝑢𝑢𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 −

2

𝑛𝑛+1

�

𝜌𝜌𝜌𝜌 sin 𝛼𝛼 𝑛𝑛
𝐵𝐵

� ℎ𝑛𝑛+1 where B is the ice pressure

constant and n is Glen's flow law exponent, 𝜌𝜌 is the density of ice and g is the acceleration due to
gravity.
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Figure 1.2. The role of moulins in transmitting meltwater and pressure variability between
supraglacial and subglacial drainage systems. This diagram shows a supraglacial stream
delivering meltwater to a moulin connected to efficient (channelized) drainage at the bed with
adjacent inefficient areas that constitute the distributed or "linked-cavity" drainage system.
Arrows denote the direction of water flow for (red) increasing pressures and (blue) decreasing
pressures.
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Figure 1.3.
Illustration of subglacial channels and cavities. a, The opposing forces acting
within a subglacial channel with melt enlargement keeping the channel open and the opposing
force of viscous creep closure. b, Profile-view and c, plan-view of linked cavities. The ice is
flowing over a bed protrusion. The influence of diurnal ice velocity variations on cavity cross
sectional area are shown by dashed lines (minimum sliding speeds) and solid lines (maximum
sliding speeds).
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Figure 1.4.
Study area within the ablation area of Sermeq Avannarleq of the western
Greenland Ice Sheet. Landsat-8 imagery courtesy of the U.S. Geological Survey acquired on 21
July 2018. Sermeq Avannarleq and the Paakitsoq region of the western GrIS is shown with our
field site High Camp outlined. Surface elevation contours derived from ArcticDEM.
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CHAPTER TWO
SPATIAL AND TEMPORAL LAGS IN MELTWATER PROPAGATION
THROUGH THE GREENLAND ICE SHEET HYDRAULIC SYSTEM

2.1.

Abstract

Recent observations from the Greenland Ice Sheet's (GrIS) ablation area showed that peak sliding
speeds occurred later in the day at upglacier sites relative to sites closer to the margin, as well as
peak sliding occurring progressively earlier in the day as the melt season progressed (Hoffman
et al., 2011). These observations reveal spatial and temporal differences in the hydrodynamic
coupling that are not currently understood. Recent work focusing on supraglacial drainage
systems indicates the size and shapes of surface catchments can delay meltwater delivery by
several hours. However, how these lags between meltwater production and delivery to moulins
impact relationships between hydrology and sliding are unknown. Here we investigate links
between hydrology and sliding within drainage basins of different sizes and elevations (Low
Camp, 700 m.a.s.l., 0.2 km², and High Camp, 900–1,000 m.a.s.l., 16.6 km²). We constrained the
timing of peaks in melting, supraglacial stream stage, moulin hydraulic head, and peak ice sliding
speeds at each camp. We found that lags between peak melt and meltwater delivery to moulins
caused peak moulin water levels to occur ~2 hours later at our upglacier moulin relative to our
downglacier moulin. This delay did not entirely account for the timing of peak sliding speeds
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which lagged peak moulin water level by 2.8±2.0 hours and indicates there are non-local controls
on sliding at higher elevations on the GrIS. On seasonal timescales, we observed decreasing lags
between meltwater production and delivery to moulins that corresponded to the retreating
snowpack throughout the melt season. Importantly, our work reveals the timing of peak
subglacial pressures varies with elevation and distance from the margin and that this spatial
variability has important implications for the coupling between hydrology and sliding.

2.2.

Introduction

Moulins are essential features in the Greenland Ice Sheet's (GrIS) hydraulic system because they
deliver meltwater from the ice sheet's surface to its bed, connecting the supraglacial and
subglacial drainage systems. Moulins connect to the most efficient parts of the subglacial drainage
system, where fluctuations in moulin water levels (i.e., the storage and release of meltwater
within the moulin's shaft) modulate subglacial water pressures. These pressure fluctuations
within the moulin-connected drainage system appear to control diurnal variations in ice velocity
in areas of the GrIS where ice is relatively thin (Andrews et al., 2014; Cowton et al., 2013). Despite
moulins' central role in transmitting variability from the supraglacial to subglacial drainage
systems, links between moulin hydrology and sliding are poorly understood.
Hoffman and others (2011) observed spatial and temporal variability in sliding speeds
across the GrIS ablation area. Temporal lags between peak melt and peak sliding speeds increased
with distance from the ice margin, and over the melt season, lags between peak melt and sliding
decreased. If moulin water levels control sliding (Andrews et al., 2014), these lags are likely
caused by delays in meltwater delivery to moulins which increase with distance from the ice
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sheet's margin (Banwell et al., 2016; Yang & Smith, 2016). Future observations are required to
fully understand how differences in the timing of meltwater delivery to moulin-connected
drainage systems influence ice motion.
Previous studies have shown significant heterogeneity in the size and shapes of GrIS
supraglacial drainage basins, both of which influence the timing of meltwater delivery to moulins
and could affect the timing of peak sliding (King, 2018; Smith et al., 2017; Yang et al., 2018).
Temporal lags between peak meltwater production and delivery to moulins increase with
drainage basin area due to the longer travel distances involved (King, 2018; Smith et al., 2017).
For example, estimates based on catchment geometry and may induce temporal lags between
meltwater production and delivery to moulins that range from 2–8 hours for 799 catchments in
southwest Greenland (Smith et al., 2015), or 1–11 hours for catchments ranging in size from 0.04–
58.9 km² (King, 2018). While these estimates are robust, the assumptions and simplifications
required for model implementation create significant uncertainty in these estimates. Direct
measurements of the timing of meltwater delivery to moulins are scarce. In the Paakitsoq region
of the GrIS, lags have only been quantified for one catchment (area of 1.14±0.06 km²), where
meltwater delivery to moulins lagged behind peak melt by ~2.8±4.2 hours. Accordingly, more
data is required to constrain the timing of meltwater delivery to moulins. Still, current work
demonstrates significant heterogeneity in the timing of meltwater delivery to moulins over the
GrIS ablation area.
Changes in supraglacial drainage efficiency can induce spatial and temporal variability in
the timing of meltwater delivery to moulins. Supraglacial drainage efficiency increases during
the transition from snow-covered to ice-covered conditions. Early in the melt season, meltwater
31

flows slowly through porous-saturated snow/slush (Banwell et al., 2013; Willis et al., 2002). Once
snow-free, water can flow more efficiently through interfluves (analogous to "hillslopes" in
terrestrial geomorphology) and networks of incised channels to rapidly route meltwater to
moulins (Yang et al., 2018). Because the snowline retreats from low to high elevations over the
course of the melt season, the supraglacial drainage system at lower elevations should be more
efficient earlier in the melt season than upglacier areas (Noël et al., 2019; Ryan et al., 2019).
Accordingly, differences in surface routing efficiency may induce spatial and temporal variability
in the timing of meltwater delivery to moulins. These differences in meltwater inputs to the
moulin-connected drainage system could contribute to previous observations of increasing lags
between peak melt and sliding speeds with increasing distance from the ice sheet margin.
Here, we test whether differences in temporal lags between meltwater production and
delivery to moulins explain the spatial and temporal variability in peak sliding speeds previously
identified within the GrIS ablation area. We established two field camps at different elevations—
a lower elevation field camp, Low Camp (700 m.a.s.l), and a higher elevation camp, High Camp
(900–1,000 m.a.s.l.)—on Sermeq Avannarleq, western GrIS. We constrain the timing of peak melt,
meltwater delivery to moulins, moulin water level, and ice sliding speeds at each of these field
sites. We use these observations to investigate how differences in the physical characteristics of
supraglacial drainage basins control lags between peak meltwater production and delivery to
moulins. Specifically, we investigate how lags between peak meltwater production and delivery
to moulins are affected by 1) drainage basin area and 2) snowpack extent and supraglacial
drainage efficiency. We predicted that lags would increase with drainage basin area, meaning
peak moulin water level, and therefore subglacial water pressure, would occur earlier in the day
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at downglacier sites, relative to upglacier sites. Finally, we explore how well differences in the
timing of peak moulin water level can explain the timing of peak sliding at each location.

2.3.

Data and Methods

We established two field camps within the ablation area of Sermeq Avannarleq in west Greenland
(Figure 2.1–2.6): a lower elevation site Low Camp (ice thickness ~500 m, 779 m.a.s.l.), and a higherelevation site, High Camp (ice thickness ~700 m, 947 m.a.s.l.). To measure the full range of
hydrologic processes within a primary catchment at each elevation, we installed weather stations,
measured supraglacial stream stage, moulin water level, and ice sliding speeds at each camp. In
May 2018, we expanded upon these methods by installing eight seismic stations spanning our
study area, allowing us to monitor glacio-hydraulic tremor, a proxy for the discharge within
subglacial channels. Additionally, we collected brief timeseries of supraglacial stream stage and
two auxiliary sites to constrain the relationship between catchment area and lags between peak
melt and meltwater delivery to moulins.
We instrumented a total of three moulins during this study. At Low Camp, we
instrumented moulins draining the same catchment (0.2 km² area) in both the 2017 and 2018 melt
seasons. We instrumented moulin JEME on 20 July 2017 and moulin PIRA on 10 July 2018. PIRA
moulin formed by a crevasse cross-cutting the supraglacial stream feeding JEME moulin after it
was advected approximately 90 m downglacier (Figure 2.4). By instrumenting PIRA moulin, we
measured water pressures in the same region of the subglacial drainage system in both years.
Low Camp has a high moulin density with at least eight other moulins within a one-kilometer
radius of moulin JEME and PIRA in 2017 and 2018 (Figure 2.2). Additionally, there are two
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crevasse fields within 2 km of our instrumented moulins, one to the east and the other to the
southwest. We instrumented Radical (RADI) moulin at High Camp during the 2017 melt season.
Radical moulin drained a catchment with an area of ~16.6 km². High Camp had a much lower
moulin density with one moulin with a one-kilometer radius of RADI moulin and one crevasse
located approximately 250 m downglacier (Figure 2.3).

2.3.1.

Meltwater production and delivery to moulins

We calculate melt rates throughout the 2017 and 2018 melt seasons with an enhanced
temperature-index model (Pellicciotti et al., 2005) and meteorological measurements from
weather stations installed at Low Camp, LOWC, and High Camp, HIGH (Mejia et al., 2020b). We
used the Greenland Climate Network (GC-NET) weather station JAR1 to fill data-gaps (Steffen et
al., 1996) (Figure 2.1). Melt rate (mm w.e. h–1) is computed as:
M=�

TF 𝑇𝑇 + 𝑆𝑆𝑆𝑆𝑆𝑆(1 − 𝛼𝛼)𝐺𝐺
0

𝑇𝑇 > 𝑇𝑇𝑇𝑇
𝑇𝑇 ≤ 𝑇𝑇𝑇𝑇

where TF and SRF are empirical coefficients, 𝛼𝛼 is albedo, T is air temperature (°C), and G is

incoming shortwave radiation (W m–²). TT is a threshold temperature under which no melt occurs
(here TT = 0°C). TF is a temperature factor that we set to 0.05 mm h-¹ °C-¹, and SRF is a shortwave
radiation factor that we set to 0.0094 m² mm W-¹h-¹ (Pellicciotti et al., 2005). We use daily albedo
values calculated at solar noon for stations and days where both incoming and reflected
shortwave radiation values were measured. We use the last albedo value calculated at a given
station to fill data gaps. Air temperature and incoming solar radiation were updated at 15-minute
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intervals for LOWC and HIGH weather stations or at hour intervals for JAR1. These time-steps
match the temporal resolution of each weather station.
A combination of sensor type, sensor leveling, and shadows caused systematic differences
in the magnitude of incoming solar radiation measured at the three weather stations. For each of
these stations, the resultant meltwater production timeseries vary in magnitude with no
significant phase shift between the stations. This magnitude-only difference indicates the timing
of peak melting is coincident across our field sites. For consistency, we determined a single
timeseries of peak meltwater production to quantify lags at all locations (Figures 2.8–2.10).
During the 2018 melt season, sensor failure prevented us from measuring reflected solar radiation
used to calculate ice surface albedo at our Low Camp weather station LOWC. Consequently, we
use a constant albedo of 0.7 for the LOWC weather station throughout the 2018 melt season. This
static albedo value systematically underpredicted calculated melt rates, but again, did not affect
the timing of peak melting determined by the station. Instead of using the average peak melt rates
measured between weather stations as we did during 2017, we exclude the amplitude measured
at Low Camp (Figure 2.10 a).
We monitor the timing of meltwater delivery to moulins by measuring the water level
within supraglacial streams near their terminal moulins. We installed gauging stations ~30 m
upstream of each stream's terminal moulin. Each gauging station was equipped with a Global
Water ultrasonic water level sensor (model WL705-048 or WL705-012) affixed to a self-lowering
crossbar mounted on either side of the supraglacial stream (Figures 2.4–2.7). Campbell Scientific
CR1000 dataloggers equipped with DCDC18R voltage boost regulators supplied power to the
ultrasonic water level sensors. Data loggers were programmed to power on the water level sensor
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every 15-minutes, measurements were logged following a 15-second stabilization period. This 15second averaging window reduces the influence of turbulence on the water level measurement.
We use 100 Ω current shunt modules to convert the current output by the ultrasonic water level
sensor into a voltage that can be measured by the data logger. We determine stream stage using
an arbitrary datum of four meters below the face of each ultrasonic water level sensor (described
within Figure 2.7). We use these measured water level fluctuations to constrain the timing of peak
meltwater delivery to moulins (i.e., peak daily stream water level).
We measured the stage for the supraglacial streams draining into instrumented moulins
during 2017 and 2018 (Tables 2.1–2.2). In 2017 we measured stream stage within the supraglacial
streams terminating into JEME moulin at Low Camp and RADI moulin at High Camp. During
the 2018 melt season, we measured stream stage for the stream draining into PIRA moulin at Low
Camp. To better constrain the influence of catchment area on the timing of meltwater delivery to
moulins we measured stream stage at two auxiliary sites near each camp—a catchment named
JNIH near Low Camp and SBPI near High Camp (Figures 2.1–2.3). The catchment JNIH has an
area of 1.1 km², and SBPI catchment has an area of 2.4 km².

2.3.2.

Moulin instrumentation

We instrumented a total of three moulins during the 2017 and 2018 melt seasons after the
snowline retreated past each field site. At Low Camp, we instrumented moulin JEME on 20 July
2017 and moulin PIRA on 10 July 2018. PIRA moulin formed by a crevasse cross-cutting the
supraglacial stream feeding JEME moulin after it was advected approximately 90 m downglacier
(Figure 2.4). By instrumenting PIRA moulin, we measured water pressures in the same region of
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the subglacial drainage system in both years. At High Camp, we initially instrumented RADI
moulin on 29 July 2017 (Mejia et al., 2020c). We used the same equipment and methodology to
instrument all moulins in both years. Geokon 4500-HD piezometers affixed to armored cables
were lowered into moulins by measured lengths to constrain the distance from the ice-surface to
the water column within each moulin. We encountered points where lowering additional cable
did not increase the piezometer's reported submerged depth during each installation. We
anchored the piezometers at the ice surface just above these elevations within the moulins,
resulting in a truncated timeseries whenever water levels fell below the sensor's submerged
depth. In 2017 we lowered the piezometer (on 23 July for JEME moulin and 6 August for RADI
moulin) to capture the full range of daily water level fluctuations.

2.3.3.

Ice velocity and glacio-hydraulic tremor measurements

We use data acquired from four on-ice Global Navigation Satellite System (GNSS) stations to
capture the ice-dynamic response to meltwater inputs to moulin-connected drainage systems at
both of our field sites (Mejia et al., 2020a). GNSS station JEME was co-located with moulin JEME
in 2017 and moulin PIRA in 2018, and station RADI was co-located with RADI moulin in 2017.
We use measurements from nearby stations to fill gaps in our timeseries. We used TRACK
software, which utilizes carrier-phase differential processing relative to bedrock mounted base
stations. We use base station KAGA with a ~28 km baseline length (Fahnestock et al., 2006) and
station ROCK with a ~36 km baseline length (Mejia et al., 2020a) to determine kinematic site
positions of our on-ice GNSS stations (Herring et al., 2010; Xie et al., 2019). We transform station
positions to the along-flow direction and apply a centered 6-hour moving average filter to reduce
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noise while preserving diurnal variability, using this timeseries to calculate ice velocities. By
centering this filter with respect to time, we maintain the timing of velocity extrema as has been
previously demonstrated (e.g., Hoffman and others 2011).
To further characterize water flow within the subglacial drainage system, we installed
eight seismic stations across our study site in April 2018, before the melt season began. The
amplitude of glacio-hydraulic tremor depends on the flux and pressure gradient of turbulent
water flowing within well-connected subglacial channels (Bartholomaus et al., 2015). Each
seismic station was equipped with Nanometrics Centaur digitizers and Nanometrics Trillium
compact post-hole sensors covered in sand to improve sensor-ice coupling. Glacio-hydraulic
tremor amplitude was determined as the 20th percentile amplitude of 10-minute enveloped
seismic waveforms, high-pass filtered above 2-Hz.

2.3.4.

Drainage basin delineation

To delineate IDCs, we corrected automatically determined boundaries by visual inspection of
remote sensing imagery. We use ArcticDEM mosaic with a ground sample distance of two meters
(Porter et al., 2018) derived from the panchromatic bands of WorldView satellites in the
DigitalGlobe optical imaging constellation. We project the DEMs into the WGS84 / NSIDC Sea Ice
Polar Stereographic North coordinate reference system (EPSG:3413). This Polar Stereographic
projection is based on the World Geodetic System 1984 ellipsoid (WGS 84).
We performed the following steps to delineate supraglacial catchments from the DEM
mosaic: First, we applied an algorithm to identify and fill topographic sinks (Conrad et al., 2015;
Wang & Liu, 2006) while preserving the downward slope of the flow path (i.e., the minimum
38

slope gradient between cells). Then we used the created depressionless DEM to calculate
supraglacial flow accumulation via the steepest descent algorithm (flow into and out of each grid
element). This methodology produces a shapefile of predicted supraglacial stream locations. By
prescribing moulin locations we are then able to define supraglacial catchment boundaries. We
then manually inspect these predicted catchment boundaries by comparing them to highresolution WorldView imagery. Where mismatches between catchment boundaries and actual
supraglacial flowpaths are identified, we adjust the catchment polygon to reflect the actual stream
routing locations.

2.4.

Results

2.4.1.

Diurnal meltwater propagation

Peak meltwater production was coincident across our field sites, peaking around 13:30±1.4 hours
local time (LT) (Figures 2.11 c, 2.12 a). Peak supraglacial stream discharge in the JEME catchment
(area of 0.2 km²) lagged peak melt by 2.5±2.2 hours, typically peaking around 15:30 LT (Figures
2.11 b–d, 2.12 b). At High Camp, peak supraglacial stream discharge in Radical catchment (area
of 16.6 km²) lagged peak melt by 6.0±1.8 hours, typically peaking around 20:00 LT. We were able
to determine peak meltwater delivery to moulins draining two additional intermediate-sized
drainage basins. At our auxiliary site JNIH near Low Camp, peak supraglacial stream discharge
lagged peak melt by 4.2±1.8 hours (Figure 2.11 a), and at SBPI near High Camp, peak supraglacial
stream discharge lagged peak melt by 5.0±1.8 hours.
The lag between peak meltwater delivery to moulins and peak moulin water level was
similar at Low Camp and High Camp (Figures 2.11 c, 2.12 c). At Low Camp, moulin water level
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peaks 2.4±0.5 hours after peak meltwater delivery, typically around 18:30 LT. We observed a
slightly shorter lag at High Camp, where peak moulin water level lagged meltwater delivery by
1.9±0.6 hours, occurring around 21:00 LT. Altogether, these lags resulted in peak moulin water
level occurring two hours earlier at Low Camp than at High Camp. Peak moulin water level
consistently occurred 1–3.25 hours later at our higher elevation site.
Peak along-flow surface ice velocity (henceforth termed simply "velocity") occurred
consistently earlier at Low Camp than at High Camp (Figures 2.11 c–d, 2.12 d). At Low Camp,
peak velocity lagged peak melt by 4.6±1.7 hours. In contrast, at High Camp, peak velocity lagged
peak melt by 10.6±1.7 hours (Figure 2.11 c–d). At Low Camp, peak velocity was nearly coincident
with peak moulin water level. Conversely, peak velocity at High Camp lagged peak moulin water
level by 2.8±2.0 hours at GNSS station EORM and 3.0±1.2 hours at station HMID. Consequently,
peak velocity occurred between 2.2–7.6 hours later at High Camp than at Low Camp. On average,
peak velocities at High Camp lagged peak velocities at Low Camp by 5.6±1.8 hours (n=10).
Moreover, the timing of peak tremor amplitude and meltwater delivery were similar, with a
difference of -0.5±1.7 hours (Figures 2.13 a–b, 2.14). Further, the timing of peak tremor amplitude
is well correlated with the timing of peak meltwater delivery to PIRA moulin (Figure 2.14).

2.4.2.

Seasonal evolution

To determine how snowpack removal or increased supraglacial drainage efficiency influences the
timing of meltwater delivery to moulins, we explore how lags in meltwater propagation changed
throughout the melt season. The 2018 melt season began on 7 June when temperatures rose above
freezing. The lag between meltwater production and peaks in all other components of the glacial
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hydraulic system decreased as the melt season progressed, reflecting the winter snowpack's
removal and the development of supraglacial streams (Figure 2.13 a–b). Between July and
August, the lag between peak meltwater production and delivery to PIRA moulin decreased by
54-minutes. Similarly, the lag between peak meltwater production and peak moulin water level
shortened by 39-minutes between July and August. In contrast, we observed no significant
change in the lag between peak meltwater delivery to PIRA and peak moulin water level.
Lags between peak melting and tremor amplitude and lags between peak melting and
peak sliding speeds decreased over the 2018 melt season, with the most significant change
observed at the beginning of the melt season (from June to July; Figure 2.13 a–b). On diurnal
timescales, peak tremor amplitude occurs near the time of peak meltwater delivery to PIRA
moulin (Figure 2.13 a), when moulin water levels are increasing most rapidly. Both tremor
amplitude and ice velocity increase above winter background values with melt onset, then
experience diurnal variability. Between June and July, the lag between peak meltwater
production and peak tremor amplitude had halved. The median lag to peak tremor amplitude
progressively fell from initially being 6.5 hours in June to 3.25 hours in July, then to 1.5 hours by
August. Similarly, the lag between peak melting and ice velocity decreased, dropping from 9.25
hours in June to 4.9 hours in July, and finally to 4.0 hours in August. These observations indicate
increasingly efficient meltwater delivery to moulins as the melt season progressed, with the most
significant change occurring during the beginning of the melt season.
We observed similar monthly lag decreases across seismic stations, with the most
considerable change occurring between June and July (Figure 2.13 c–d). In June, mean lags from
peak melt to peak tremor amplitude for each station ranged from 6.1 hours at SELC to 8.6 hours
41

at SE47, with a mean lag of 7.5 hours across all stations. In July, lags ranged from 3.1 hours at
SELC to 6.3 hours at station SE63, with a mean lag of 5.0 hours across all stations. That is, peak
tremor amplitude occurred on average 2.5 hours earlier in July than in June. The lag decreased
further in August, with a mean lag across all stations of 3.0 hours. For individual stations, lags
ranged from 1.4 hours at SELC, our lowest elevation station, to 4.2 hours at SEHC, our highest
elevation station, a 1.8-hour decrease. Altogether, the lag between peak meltwater production
and peak tremor amplitude decreased on average by 4.4 hours over the 2018 melt season.

2.5.

Discussion

Our supraglacial, englacial, and subglacial hydraulic measurements at several locations within
the GrIS ablation area depict spatial and temporal variability in meltwater propagation through
the hydrologic system on daily and seasonal timescales. Our observations indicate that delays in
meltwater delivery to moulins directly influence peak moulin water level timing, as has been
previously suggested (McGrath et al., 2011). We observe a ~2-hour lag between peak meltwater
delivery and peak moulin water level (Low Camp, 2.4±0.5 hours and High Camp, 1.9±0.6 hours)
at both elevations that does not change over the melt season. These observations indicate the lag
between peak meltwater delivery to moulins and peak moulin water level is intrinsic to the
coupled englacial-subglacial system under the conditions found within the GrIS ablation area.
The consistent lag between peak meltwater delivery and peak moulin water level means that the
timing of meltwater delivery to moulins is the most important control on the timing of peak
moulin water level in our study area.
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Differences in the timing of meltwater delivery to moulins caused peak moulin water level
to occur consistently later (1–3.25 hours) at our higher elevation moulin than at our lower
elevation moulin. Our observations indicate that drainage basin area exerts a first-order control
on the timing of meltwater delivery to moulins and the timing of peak moulin water level. Lags
between meltwater production and delivery to moulins reflect the amount of time required for
meltwater to flow across the ice surface before arriving at the catchment's terminal moulin.
Hence, for larger drainage basins, meltwater must flow longer distances before arriving at the
moulin, such that lags should increase with drainage basin area. Our observations of increased
lag times with catchment areas agree with previous observations from the GrIS (Clason et al.,
2015; Smith et al., 2017). Of the seasonally variable characteristics of supraglacial catchments,
removing the seasonal snowpack had the most substantial influence on meltwater delivery lags.
Snowpack-induced lags in meltwater delivery were short-lived and constrained to the first
several weeks of the 2018 melt season. In contrast, our simultaneous measurements of meltwater
delivery and moulin water level at our two elevation sites were recorded during the mid-to-end
of the 2017 melt season, after the snowline had retreated past these sites. For these reasons, our
observations indicate that differences in catchment area were responsible for the spatial and
temporal differences in the timing of peak moulin water levels in this area of the GrIS.
While catchment area exerts an essential control on the timing of meltwater delivery to
moulins, the presence of the seasonal snowpack may amplify differences in the timing of peak
meltwater delivery at different elevations. Owing to the snowline's retreat from low to high
elevations as the melt season progresses, lower elevation sites will be snow-free before higher
elevation sites. In this way, the presence of snow within higher elevation catchments could add
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to the delays induced by catchment area alone. Even though the presence of snow can induce
significant delays in meltwater delivery to moulins, this effect is limited to the first few weeks of
the melt season and could be negligible for seasons that begin with high-intensity melting.
Lags in meltwater delivery at our High Camp site did not entirely account for the timing
of peak ice velocity. Indeed, longer lags in meltwater delivery to RADI moulin did cause peak
moulin water level to occur 1–3.25 hours later than at lower elevations. While peak moulin water
level and peak ice velocity was nearly coincident at Low Camp, peak ice velocity lagged peak
moulin water level by up to ~3.5 hours at High Camp. The offset in timing between peak pressure
within the moulin-connected drainage system and peak sliding speeds at High Camp indicates
there are some non-local controls on sliding that are not observed at Low Camp.
These non-local controls on sliding may be caused by the lower moulin density at our
higher elevation site (Figure 2.2–2.3). Moulin density controls the number of point-sources of
meltwater delivered to the bed, as well as catchment areas which control the timing of meltwater
delivery to moulins. Moulin density is important because the areally integrated basal traction
determines sliding speeds over 3–8 ice thicknesses (Gudmundsson, 2003). For lower elevations
on the ice sheet where moulin density is high, and delays in the timing of meltwater delivery to
moulins are generally short (Banwell et al., 2016; Yang et al., 2018), water pressures should be
rising in all moulins around the same time (Figure 2.15 a). With many meltwater inputs to the
bed, connections between nearby moulins could allow for pressure equalization (Andrews et al.,
2014), or delays in meltwater delivery attributed to any single catchment may be dampened,
explaining the coincidence in peak pressures and sliding observed at Low Camp.
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Alternatively, for higher elevations on the ice sheet where moulin density is low and
catchments are large, delays in the timing of meltwater delivery to moulins can be long (Figure
2.11 c–d) and may vary significantly between neighboring catchments by several hours (King,
2018; Smith et al., 2017). If offsets in the timing of meltwater delivery to moulins at high elevations
differ substantially (e.g., on the order of hours), they could induce a phase shift in the pressure
fluctuations within moulins in close enough proximity to influence the basal traction field that
controls sliding. Therefore, it is possible that during the time of peak moulin water level at a single
high elevation moulin, a nearby catchment with longer delays in meltwater delivery could be
resisting flow (Figure 2.15 b, top). In this case, peak sliding speeds could be achieved once
pressures increase and reduce basal traction over an area that was previously resisting flow
(Figure 2.15 b, bottom), even though pressures may have started falling but are still high in other
moulins.

2.6.

Conclusions

Our observations from the Paakitsoq region of west Greenland show that the size of drainage
basins (i.e., length of supraglacial drainage pathways) impart non-trivial delays in meltwater
delivery to moulins and moulin water levels. Importantly, longer delays in supraglacial
meltwater delivery to moulins at higher elevations caused peak moulin water level to occur
consistently later at our higher elevation site than at our lower elevation site. These measurements
reveal the timing of peak pressures within the moulin-connected drainage system is non-uniform
over the GrIS ablation area.
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We also show that there are differences in the coupling between hydrology and sliding at
different elevations. Delays in meltwater delivery to moulins at high elevations could not entirely
explain the timing of peak sliding speed which lagged peak moulin water level by up to 3.5 hours.
This delay indicates that the coupling between hydrology and sliding at higher elevations (i.e.,
the non-local controls on sliding identified within this study) cannot be explained by a single
moulin or catchment alone. Instead, future work should broaden investigations into moulin
hydrology to the larger scales in which basal traction influences sliding.
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Figure 2.1. Study area in Sermeq Avannarleq, Paakitsoq Region, GrIS. a, Sentinel-2 (ESA)
imager courtesy of the U.S. Geological Survey, acquired 10 August 2018 with field sites indicated.
b, Low camp drone imagery from 2018, instrumented moulin PIRA (yellow) and the associated
drainage basin outline in red. c, Zoom-in of a, showing High Camp. Radical (RADI) moulin
location (yellow arrow) and catchment (blue shading) are shown. GNSS stations and seismic
stations are also indicated along with ice flow direction. SBPI catchment (shaded light gray), with
location of stream gauge (blue triangle). d, Photo of our stream gauging station from Radical
(RADI) moulin in 2017.
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Figure 2.2.
Low Camp moulin and crevasse distribution and surrounding characteristics.
WorldView Imagery © 2017 DigitalGlobe Inc., acquired 03 July 2017. Moulins identified for 2017
(orange) and 2018 (red) marked by circles. Red lines show newly formed crevasses. JEME and
JNIH drainage basins and terminal moulins are also marked and labeled. An area with a 1-km
radius centered on JEME/PIRA moulin is shown, representing a diameter of approximately four
ice-thicknesses.
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Figure 2.3.
High Camp moulin and crevasse distribution. WorldView Imagery © 2017
DigitalGlobe Inc., acquired 03 July 2017. Moulins identified in 2017 (orange) and 2018 (red) are
marked by circles (2019 darkest). RADI catchment (blue outline), SBPI catchment (gray) and a
small nearby moulin (black) are outlined. An area with a 1 km radius centered on Radical moulin
is shown, representing a diameter of approximately three ice thicknesses (local ice thickness ~700
m). Additional instrument locations are marked following Figure 2.1.
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Figure 2.4. JEME and PIRA moulin and catchment comparison. a, Drone ortho-image, © 2018
Matthew Covington, from July 2017 showing the location of our instrumented moulin JEME and
the bounds of its supraglacial drainage basin. b, Drone orthoimage from July 2018 showing the
location of our instrumented moulin PIRA which opened in the same location as JEME the
previous year. The drainage basin is delineated, and other instruments are shown along with the
ice flow direction in the area (black arrows originating at the center of the GNSS station markers)
57

Figure 2.5. Low Camp: JEME supraglacial stream instrumentation and site characteristics.
Instrumentation monitoring JEME stream. a–b, Global Water ultrasonic water level sensor (model
WL705-048) mounted to a self-lowering crossbar to monitor stream stage and logging equipment.
c, JEME moulin (the catchment’s terminal moulin).
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Figure 2.6.
High Camp: Radical River instrumentation and site characteristics. a, Radical
moulin, instrumented with a Geokon 4500HD piezometer in mid-July 2017. b, Radical River
gauging station. Similar set-up deployed at Low Camp where a Global Water ultrasonic water
level sensor (WL705-012) recorded stream water level at 15-minute intervals.
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Figure 2.7. Supraglacial Stream gauging station design. Diagram showing ultrasonic water
level sensor and self-lowering crossbar set-up. Annotations describe measurements and stream
stage calculations with respect to an arbitrary datum (set to 4 m for all streams). Sensor on the left
shows our secondary ultrasonic water level sensor used to measure ice-surface lowering
throughout the melt season.
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Figure 2.8. Melt, stream stage, moulin hydraulic head, and ice velocity, Low Camp 2017. a,
Melt rate calculation and peak picks. b, Supraglacial stream water level measured at JNIH (green)
and JEME (blue) with peaks. c, JEME moulin hydraulic head with diurnal peaks (red) and minima
(blue). d, Along-flow ice velocity from GNSS stations JNIH (green) and LMID (blue) with diurnal
extrema picks used in analysis.
61

Figure 2.9. Melt, stream stage, moulin hydraulic head, and ice velocity, High Camp 2017. a,
Timeseries observations of melt rate (same as in Figure 2.7) with diurnal maxima picks. b, Radical
River stage measurements and diurnal extrema picks used in analysis. c, Radical moulin
hydraulic head, timeseries is truncated before 5 August 2017 when moulin water level dropped
below the piezometer's elevation. d, Along-flow ice velocity derived from GNSS stations EORM
(purple) and HMID (blue) with associated extrema picks.
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Figure 2.10. Melt, stream stage, moulin hydraulic head, glacio-hydraulic tremor amplitude
and ice velocity, Low Camp, 2018. a, Melt rate calculated from LOWC (light blue) and HIGH
(darker blue) weather stations with diurnal maxima picks. LOWC melt rates calculated with a
static albedo of 0.7 due to instrument failure. b, Supraglacial stream stage emptying into PIRA
moulin. PIRA moulin hydraulic head, diurnal extrema picks shown. Measurements are truncated
at 597 m.a.s.l. when moulin water level falls below the piezometer's elevation. d, Glacio-hydraulic
tremor amplitude (6-hr smoothing window applied) measured at station SELC. e, Along-flow ice
velocity measured at GNSS station LMID. The subglacial floodwave from upglacier supraglacial
lake drainages caused the spike in the timeseries on 28 July, and no diurnal extrema values are
chosen.
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Figure 2.11. Meltwater propagation timing and lags. a, Meltwater delivery lag with respect to
drainage basin area with mean values (diamonds). b, Normalized supraglacial stream stage
timing at Low Camp (purple) and High Camp (blue) with mean values (solid line). Vertical lines
mark the timing of peak stream discharge (15:30 and 19:30). c–d, Box and whisker plots within
violins showing the kernel density estimates of the underlying distribution of peak times (time of
day) and lags (lag from peak melt). The timing of peak meltwater production, stream stage,
moulin head, and ice velocity is shown with purples corresponding to Low Camp (observations
from 2017 and 2018) observations and blues with High Camp observations (2017). d, Peaks times
displayed as lag (hours) from peak melt. GNSS station LMID is used for peak velocity
determination at Low Camp, and stations EORM (darker) and HMID (lighter blue, bottom) are
used for High Camp.
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Figure 2.12. Diurnal meltwater propagation peaks, Low Camp and High Camp, 2017.
Measurements recorded at Low Camp (JEME drainage basin) are shown in the left column.
Measurements recorded at High Camp (RADI drainage basin) are shown in the right column.
Pink shaded areas show the rising limb of each peak, whereas darker pinks show the falling limb
of diurnal fluctuations across observations. Temporal lags between measurements are shaded in
purple, with the length of the lag in hours annotated. a, Meltwater production calculated from
LOWC and HIGH weather stations, melt amplitude from station JAR1 was only used to calculate
the amplitude of melting, not the timing of peak melt due to its lower resolution measurements
(hourly). b, Stream stage measured near each drainage basin's terminal moulin. Stage is shown
in meters and with respect to an arbitrary datum of 4 m at each site. c, Moulin hydraulic head for
JEME moulin (left) and RADI moulin (right). d, Along-flow ice velocity for station LMID at Low
Camp and stations EORM (purple) and HMID (blue) located at High Camp.
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Figure 2.13. Seasonal lag evolution throughout the 2018 melt season. a–b, Low Camp 2018
meltwater propagation timing and lags, similar to Fig. 2c-d, with the addition of seismic tremor
and a monthly breakdown of observations from June–August 2018. b, Lag in hours from peak
melt. Boxes show data-set quartiles with outliers as dots. c–d, Monthly breakdown of the timing
of peak glacio-hydraulic tremor amplitude throughout the 2018 melt season at stations with
increasing distance from the margin. SELC (bottom) installed at Low Camp; same data shown in
panels a–b.
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Figure 2.14. Glacio-hydraulic tremor and meltwater delivery relationship, Low Camp 2018.
a, Peak timing correlation between the time (decimal hours) of peak meltwater delivery to moulin
PIRA and the time of peak tremor amplitude. The blue line marks the linear regression between
the peak meltwater delivery and peak tremor amplitude timing with the standard deviation
confidence interval shaded in blue. Annotations describe ordinary least squares correlation
R2=0.99 and p-value<0.05 and the Pearson correlation coefficient (r=0.72). Peak meltwater delivery
was measured on a 15-minute sampling interval while peak tremor amplitude was determined
from a 5-minute window. b, Normalized diurnal fluctuations for stream stage (purple, left axis)
and tremor amplitude (blue, right axis). Average values and the associated standard deviation
from the mean are plotted, with the average peak meltwater delivery (15:30 UTC-2) and peak
tremor amplitude (15:15 UTC-2) indicated with vertical lines. All data shown were collected
during the 2018 melt season at Low Camp.
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Figure 2.15. Conceptual model of basal traction differences during peak moulin water level
at Low Camp and High Camp. a, Earlier in the day, near the peak moulin water level at our lower
elevation site with a simplified force diagram to the right. High moulin density and similar lag
times between peak meltwater production and delivery to moulins and/or pressure equalization
between nearby moulins result in increased pressures over a significant bed area, which facilitates
ice acceleration locally. b, Later in the day, when pressures are falling at lower elevations, moulins
and pressures are increasing upglacier because lag times between peak melt and moulin water
level are longer. The lower moulin density and larger nearby drainage basins mean that nearby
moulins may still be at lower water pressures and resist flow. Peak sliding speeds may occur
when these nearby moulins pressurize and no longer resist flow even though pressures may not
be at their peak values (but still high) in adjacent moulins.
68

CHAPTER THREE
BREACHING TOPOGRAPHIC DIVIDES: INTERANNUAL
VARIABILITY OF INTERNALLY DRAINED CATCHMENTS

3.1.

Abstract

Internally drained catchments (IDCs) define the ice surface area draining into a single terminal
moulin. The planform and locations of IDCs are thought to be static, controlled by the transfer of
basal topography to the ice surface alone. Observations of supraglacial streams breaching
topographic divides within the GrIS ablation area suggest the role of fluvial incision in flow
routing may be underestimated. In this study, we test how well the highest-order (i.e., largest)
supraglacial streams draining three mid-elevation IDCs adhere to large-scale ice topography and
compare their flow paths over the 2017 and 2018 melt seasons. The flow paths of the largest
supraglacial channels in two of the three IDCs varied between years. In 2017, two supraglacial
lakes drained via channels incised through topographic divides, flowing perpendicular to large
scale ice surface contours. Snow-infill of the previous year's channels over the winter created
snow plugs that diverted flow during the subsequent melt season for two catchments. In 2018,
each channel incised through topographic highs and terminated into different terminal moulins.
These observations demonstrate incised channels that breach topographic divides can change the
size, location, and number of IDCs in the GrIS ablation area.
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3.2.

Introduction

Most of the meltwater produced on the Greenland Ice Sheet surface (GrIS) collects within
complex networks of supraglacial streams and rivers, delivering meltwater to terminal moulins
where it can access the bed. Internally drained catchments (IDCs) refer to the area drained by
supraglacial stream networks into a moulin (Yang & Smith, 2016). The area and shapes of IDCs
control the location, discharge, and timing of meltwater delivery to moulins (Banwell et al., 2013,
2016; McGrath et al., 2011; Smith et al., 2015). Meltwater inputs to moulins modulate subglacial
water pressure, which influences the timing and magnitude of basal sliding and the evolution of
the subglacial drainage system (Andrews et al., 2014; Hoffman & Price, 2014; Palmer et al., 2011;
Schoof, 2010; Shepherd et al., 2009).
IDCs are generally considered to be spatially fixed, with ice surface topography controlled
by the transfer of bed topography to the ice surface on length scales 3–8 times the local ice
thicknesses (Gudmundsson, 2003; Karlstrom & Yang, 2016; Lampkin & Vanderberg, 2011;
Raymond et al., 1995). Previous works have investigated the importance of fluvial incision on the
smaller length scales of IDCs (less than ten kilometers) by assessing how well mapped
supraglacial stream flow paths adhered to basally controlled ice surface topography (Crozier et
al., 2018; Karlstrom & Yang, 2016). Mapped supraglacial flow paths followed large-scale
topography along most of their lengths, with deviations occurring over short distances (less than
a kilometer). Because bed topography was the dominant control over much of the supraglacial
channel lengths (1–10km), and bed topography is static, these studies concluded IDCs should be
fixed as well. Consequently, these studies concluded that fluvial incision by supraglacial streams
is not an important control on catchment-scale stream routing.
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Thermal incision of supraglacial channels shapes ice surface topography where channels
incise faster than the surrounding ice melts (Dozier, 1976; Knighton, 1981; Marston, 1983).
Supraglacial streams incise by frictional and radiative melting as well as by mechanical and
frictional erosion. As meltwater flows in a channel, potential energy is converted to kinetic
energy, much of which is dissipated as heat that melts the channel boundary. Channels can be
meters deep and form canyons incised into the ice surface where incision is faster than ice surface
lowering (Benn et al., 2008; Gulley et al., 2009; St Germain & Moorman, 2019). Canyons have been
observed to cut through topographic highs in Greenland (Smith et al., 2015; Yang et al., 2015) and
elsewhere (Gulley, 2009).
Thermally incised canyons can form where supraglacial lakes drain by water spilling over
the lake's edge, routing water to moulins outside of their drainage basin. Koziol and others (2017)
adapted the surface routing and lake filling (SRLF) model to allow lake drainage via an incised
channel at their edge (Arnold et al., 2014; Banwell et al., 2012; Koziol & Arnold, 2017; Raymond
& Nolan, 2000). In applying this model to the Paakitsoq region of the western GrIS, they found
~15% of lakes in the region drained into moulins outside of lake drainage basins. While this model
constrained the locations of terminal moulins, the model sensitivity to the parameter describing
the incised channels’ initial depth indicated small features not captured by the DEM (e.g.,
channels incised in previous years or local ice topography around the lake's rim), could have a
significant impact on the timing of lake drainages.
Because IDCs define the area draining into a single moulin, IDC size, shape, and location
are ultimately controlled by its terminal moulin location. Moulin formation requires a crevasse
and sustained meltwater delivery (Banwell et al., 2012; Benn et al., 2009; Catania et al., 2008;
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Clason et al., 2015; Poinar et al., 2015; van der Veen, 2007; Van Der Veen, 1998). Moulin locations
are generally considered static, either reactivating interannually as the glacier advects
downglacier (Andrews, 2015; Catania & Neumann, 2010) or by the opening of a new crevasse in
the same area of high extensional strain. Accordingly, a moulin should persist as long as enough
meltwater is supplied to these openings to drive hydrofracture to the bed in subsequent melt
seasons. However, deviations from large-scale ice surface topography of the highest order
supraglacial channels could potentially alter IDC characteristics if they prevent meltwater from
accessing and therefore reactivating the IDC's terminal moulin.
We investigated whether IDCs are static hydrological features or exhibit interannual
variability further from the ice sheet margin. If IDCs are fixed, their highest order supraglacial
streams should adhere to large-scale ice surface topography, reoccupy the same flow paths, and
drain into the same terminal moulins interannually. First, we mapped the highest-order channels
in three neighboring IDCs to determine how well their flow paths adhered to large-scale
topography. If flow paths adhere to large-scale topography, the ability for fluvial incision or other
surface processes to reroute flow would be minimized. Next, we used these initial observations
as baselines to compare flow paths during the following melt season, allowing us to assess
interannual flow path variability.
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3.3.

Study Area and Methodology

3.3.1.

Study area description

During the 2017 melt season, we established a field camp adjacent to three mid-elevation IDCs in
the ablation of Sermeq Avannarleq located in the Paakitsoq region of western Greenland (Figure
3.1, Table 3.1). Two of these catchments contained supraglacial lakes known to drain slowly in
previous years (Banwell et al., 2012; Morriss et al., 2013). This study's smallest and western-most
IDC contains ArcSav Lake, which collects meltwater from 3.9 km² and spans elevations 920–960
m.a.s.l. (Figure 3.1). The much larger Mars Lake is bounded by steep slopes spanning the eastern
half of the lake, with most of the drainage area west of the lake. Mars IDC had an area of 8.2 km².
The final IDC investigated in this study was named Radical, named after its terminal moulin in
2017. While this IDC contains several upglacier supraglacial lakes, it differs from Mars and
ArcSav because the catchment's terminal river spans an entire drainage basin. In 2017, Radical
River had a length of 2.7 km before terminating into Radical moulin (Figure 3.1 b), draining a
total area of 16.6 km² which spanned elevations ranging from 960–1,090 m.a.s.l. (Figure 3.1).

3.3.2.

Supraglacial stream mapping

To measure how well the supraglacial streams followed large-scale ice surface topography, we
mapped the supraglacial streams draining Mars and ArcSav Lakes from each lake's respective
shoreline to their terminal moulins during the 2017 melt season (Figures 3.1, 3.2). We conducted
a roving differential GPS survey using a Trimble R7 receiver and a TRM41249.00 antenna
mounted to a backpack. The receiver recorded measurements every 5-seconds as we traversed
the edge of the deeply incised canyons created by the supraglacial streams draining each lake.
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We paused every 50–100 meters along the transect to collect five or more observations at a single
location to improve the precision of the vertical position measurements. Positions were
determined using carrier-phase differential processing relative to base stations implemented with
TRACK software (Herring et al., 2010). We used the UNAVCO maintained GNSS station KAGA
(28 km baseline length) as our processing base station (Fahnestock et al., 2006). After postprocessing, we corrected the vertical component of our position timeseries to account for the
antenna's elevation above the ice surface at the beginning of the survey (2.019 m). The resulting
timeseries have a relative vertical error of approximately 0.04 m, well below the order of meters
to tens of meters of elevation change recorded during the transects.
In 2018, we mapped supraglacial streams using a Garmin inReach® Explorer+ hand-held
GPS unit and recorded positions approximately every 100 meters along each stream. The inReach
connects to the Iridium satellite network. This device has much lower precision than the Trimble
set-up used in 2017 and does not accurately record vertical positions. To estimate the vertical
position along the transects, we imported point measurements into QGIS and extracted elevations
from a digital elevation model (DEM). We used an ArcticDEM Mosaic Tile DEM, which utilizes
data acquired by the DigitalGlobe constellation of high-resolution (~0.5 m) optical imaging
satellites (e.g., WorldView satellite panchromatic bands). ArcticDEM mosaic products are
composed of individual "strips" (i.e., imagery collected on separate satellite passes) that are
aligned, co-registered, blended, and feathered to reduce edge offsets and artifacts. The final DEM
has a spatial resolution of 2 m with elevations referenced to the World Geodetic System’s 1984
(WGS 84) ellipsoid. Using the QGIS Point Sampling Tool Plugin (Jurgiel et al., 2021), we extracted
elevations from the ArcticDEM for each in-Reach waypoint location. We transformed the vector74

layer from the WGS84 / NSIDC Sea Ice Polar Stereographic North (ESPG:3413) coordinate reference
system used in processing to the global WGS84 (ESPG:4326) coordinate reference system before
exporting position coordinates and elevations to Python for visualization (Virtanen et al., 2020).

3.3.3.

Catchment delineation

To delineate IDCs, we corrected automatically determined boundaries through comparison with
stream routing identified with high-resolution WorldView imagery. We used an ArcticDEM
mosaic, with a ground sample distance of two meters (Porter et al., 2018), derived from the
panchromatic bands of WorldView satellites in the DigitalGlobe optical imaging constellation.
We projected the DEM into the WGS84 / NSIDC Sea Ice Polar Stereographic North coordinate
reference system (EPSG:3413), with the height above the WGS84 ellipsoid as its vertical reference.
Before catchments were delineated, we used an algorithm to identify and fill topographic
sinks (Conrad et al., 2015; Wang & Liu, 2006) while preserving the flow path's downward slope
(i.e., the minimum slope gradient between cells). We used the resultant depressionless DEM to
calculate supraglacial flow accumulation via the steepest descent algorithm (flow into and out of
each grid element), producing a predicted channel network of supraglacial stream locations and
intersections. The output surface routing is used to define DEM predicted drainage basins with
catchment outlets (sinks) along the periphery of the DEMs domain. We divided the large drainage
basins according to moulins identified in the field. We then adjusted catchment bounds to correct
for visually determined stream directions using high-resolution WorldView-2 imagery.
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3.4.

Results

3.4.1.

Supraglacial stream routing, 2017 melt season

During the 2017 melt season, both Mars and ArcSav Lakes drained via deeply incised supraglacial
streams with canyonized reaches. We define canyonized supraglacial channels following St
Germain & Moorman, (2019) as channels where the flowing water only occupies a small fraction
of the overall incised depth. Fluvial incision of the channel floor allowed water to flow
perpendicular to large-scale ice surface contours that defined drainage basins surrounding each
lake (Figure 3.2).
Mars Lake drained at the bottom of a ~10 m wide incised canyon that cut through the
ridge defining the western edge of the lake's drainage basin. This canyon flowed along the
southern edge of six snow dunes that formed perpendicular to Mars Lake’s western shoreline.
The canyon's incised depth increased as it approached the topographic high, defining the
drainage basin's western edge. The distance between the lake's shoreline and the top of the ridge
was approximately 500 m. The increasing incision depth allowed the canyon to maintain a downhill slope at its base which allowed water to flow perpendicular to the larger-scale ice surface
contours (Figures 3.2, 3.3 a–c). At the time of the survey, the top of the ridge was 11 m above Mars
Lake's shoreline (Figure 3.4). Four snow bridges connected to the snow dunes' peaks on the
canyon's northern edge near the ridge's top. After this point, the canyon continued west, with the
canyon's incised depth decreasing. Ultimately, the canyon draining Mars Lake drained into a
moulin, named Mars Moulin (Figure 3.5), located on the opposite side of an 11 m tall drainage
divide (Figures 3.2, 3.4).
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The smaller ArcSav Lake drained via an incised stream that flowed to the north from the
lake's shoreline (Figures 3.2, 3.6 a–d). Instead of the channel cutting through a ridge, the stream's
incised depth only increased with distance from the lake's shoreline (Figure 3.7 b). The stream
was incised ~4 m into the ice to reach the stream's terminal moulin, named ArcSav Moulin, which
was plugged with snow (Figures 3.6 e). We observed a partial snow bridge near the end of the
incised canyon (Figure 3.6 d). At the time of the survey, the lake had mostly drained with flow
reflecting inputs from the catchment rather than any water stored within the lake. In both cases,
fluvial incision allowed each lake to drain into moulins that would not have been predicted by
large-scale surface topography alone.
While we were not in the field during the 2016 melt season, we can use satellite imagery
in conjunction with surface features observed along each transect to infer the age of the channels
draining each lake. Lake drainage via channel incision is thought to occur when the lake fills to
the level of a topographic high and then spills over the edge, with lake water incising a channel
into the ice and melting any remaining snow. Therefore, the presence of snow bridges over the
most canyonized reach of the channel draining Mars Lake indicates the channel had incised
through the ridge during a previous melt season. Conversely, our observations of fresh overflow
features near the final ~100 m of the channel's length (Figure 3.4 e) coupled with the absence of a
snow plug over Mars Moulin, characteristic of older moulins (Figure 3.5), indicate the end of the
channel and Mars Moulin were newly formed during the early 2017 melt season. Together, these
observations indicate Mars Lake did not drain by spilling over the topographic high and incising
a new channel. Instead, water within Mars Lake melted through the base of the snow-filled
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canyon formed during the 2016 melt season, diverting on the other side of the drainage divide
and draining into a crevasse that hydro-fractured to the bed and formed Mars Moulin.
Radical catchment, the third catchment of this study, drained via a large river (named
Radical River) into Radical Moulin during the 2017 melt season (Figures 3.1, 3.8; moulin
instrumentation described in Chapter 2). The river narrowed over the last ~200 m before terminating
into Radical Moulin. In this area, the stream width was ~1.5 m and was incised ~1 m into the ice
surface (Figure 3.8). Meltwater produced within a catchment of ~16 km² drained into Radical
Moulin during the 2017 melt season. These observations serve as a baseline to determine any
interannual variability in stream routing during the 2018 melt season. If interannual variability
was observed, we then assess potential causes and implications for catchment geometry.

3.4.2.

Interannual flow path variability

We mapped the flow paths of the highest-order streams draining Mars, ArcSav, and Radical
catchments during the 2018 melt season to determine if the flow paths differed from 2017. The
highest order streams draining each catchment incised new flow paths during the 2018 melt
season and drained into different terminal moulins (Figure 3.9). For Radical River and Mars Lake,
the formation of snow plugs within incised channels over the winter rerouted flow during the
subsequent melt season. The winters in this area of the GrIS are characterized by snowfall and
high-speed winds. These harsh conditions have been directly observed during winter instrument
maintenance campaigns throughout the project. For example, Figure 3.10, taken in April 2018
(two months before the beginning of the melt season), shows the snow-filled Mars canyon.
Accordingly, at the beginning of the 2018 melt season, meltwater encountered these snow plugs,
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which acted as dams, diverting flow and rerouting drainage pathways. The spatiotemporal
variability of supraglacial stream development and routing during the 2018 melt season is
described below.

3.4.2.1. Supraglacial lakes
In 2018, Mars and ArcSav lakes drained via newly incised streams into different moulins,
abandoning the snow-filled canyons occupied during the previous melt season (Figures 3.10,
3.11). The stream draining ArcSav Lake followed the 2017 drainage route for less than 100 m
before diverging, by a near 90° angle, from the snow-filled canyon formed the previous year
(Figures 3.12). Overflow features indicate water pooled at this junction until flow began along the
current route (Figure 3.12 d). The stream incised a meandering canyon parallel to the 2017 flow
path. The stream draining ArcSav Lake terminated into Mars Moulin, which drained Mars Lake
the previous melt season. Our roving dGPS along the stream’s 2017 path, offset by less than 100
m, showed the stream incised 4 m above the lake's shoreline to reach ArcSav Moulin. ArcticDEM
extracted elevations do not show this ~4 m elevation increase mapped the previous year (Figure
3.13). Instead, ArcticDEM shows a very shallow downward slope of ~8 cm between the shoreline
and Mars Moulin. Moreover, overflow features at the juncture between ArcSav's snow-filled 2017
flow path and newly incised 2018 flow path (Figure 3.12) indicate water pooled at this juncture
before following a similar flow path as the stream occupied the year before. Together, snow-infill
and uplift of the relic channel as the ice advected downglacier prevented water from reactivating
the same flow path. Instead, these observations indicate the lake water pooled at this juncture
until spilling over a local saddle in the ice surface that directed the stream towards Mars Moulin.
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In contrast to ArcSav Lake, which drained via a stream that branched off of the previous
flow path, Mars Lake drained by incising a new stream 100 m north of the 2017 snow-filled
canyon on the lake's western shoreline (Figure 3.11). Figure 3.14 shows the abandoned snowfilled canyon that drained the lake during the 2017 melt season. A small tunnel was melted into
the snow plug; however, it was empty by the time the lake’s base level had dropped below tunnel
(6 August 2018, after Mars had been draining via a new flow path).
Mars Lake drained via a newly incised stream, abandoning the now snow-filled canyon
which drained the lake during the previous melt season. Instead of melting through the snowplugged channel, Mars Lake drained by spilling over another saddle on the western shoreline,
north of the dunes that defined the 2017 flow path's northern edge. The newly formed channel
draining Mars Lake flowed for ~1 km in the east-west direction then turned to the northwest,
where it continued for approximately 350 m before finally draining into Phobos Moulin (Figure
3.11). Figure 3.15 shows photos taken while mapping this 2018 drainage route. For the first
kilometer, the stream ran parallel to the 2017 flow path. We observed prominent overflow
features near the lake's shoreline. These features extended ~300 m along the streams flow path
with a width of ~50 m (Figures 3.11, 3.15 a). At the time of the survey, the stream was actively
flowing at the base of this canyon, several meters below the ice surface. The incision depth
increased with distance from the shoreline, again allowing the stream to flow perpendicular to
ice surface contours and cut through a topographic high ~10 m above the lake's shoreline (Figure
3.15 b–c). Field observations suggest this high point was similar to the southern transect mapped
during 2017, where the ArcticDEM derived elevation profile shows a 4.5 m elevation difference
along the 2018 drainage path (Figure 3.16).
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After passing the topographic high, the stream continued along the base of the
meandering canyon. Ultimately, the newly formed canyon draining Mars Lake redirected flow
to Phobos moulin. Phobos Moulin is located approximately 500 m north of Mars Moulin, which
drained the lake during the previous melt season. Despite the similarity in terminal moulin
locations between years, our observations demonstrate that during the 2018 melt season, the
snow-plugged canyon effectively prevented draining through this pathway. Accordingly, a large
volume of water was redirected to Phobos Moulin (Figure 3.17.; Covington et al., 2020). The
cavernous upper reach of Phobos Moulin demonstrates the immense volume of ice melted by the
water draining from Mars Lake into the moulin.

3.4.2.2. Radical River
Snow infill of the final ~200 m of Radical River over the 2017–2018 winter appeared to form a
snow plug that prevented meltwater from reaching Radical Moulin (Figure 3.18). Radical River
was notably wider near this junction than during the previous year, extending over 3 m in width
with enough flow to prevent us from safely crossing. The interface between the river and the
snow plug was filled with slush (Figure 3.19 a–c). Other than the slush, there was a small amount
of meltwater pooling along the surface of the snow plug (Figure 3.19 a). This small amount of
melting, likely owing to the higher albedo of snow with respect to bare ice, coupled with the
absence of water flow, caused the snow plug to remain intact throughout the entire 2018 melt
season.
The snow plug formed within the final ~200 m of Radical River's 2017 flow path prevented
meltwater from reaching Radical moulin in 2018. Instead, Radical River breached the topographic
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high separating Mars and Radical drainage basins and emptied into Mars Lake (Figure 3.18). We
mapped Radical River from the snow-plugged 2017 channel to Mars Lake on 6 August 2018
between 10:00–12:00 local time. Like ArcSav Lake, the ArcticDEM elevation profile does not show
the topographic high observed in the field (Figures 3.18 a–b, 3.19). From the snow-filled channel,
fluvial incision allowed Radical River to flow perpendicular to surface ice contours for ~700 m,
thereby overcoming the drainage divide once separating Radical and Mars catchments. After this
point, Radical River flowed down the steep topography until emptying into Mars Lake.
Instead of incising a relatively straight and deep channel like Mars and ArcSav Lakes,
Radical River varied significantly in width and form (Figure 3.19 d–f). The straightest parts of the
stream (Figure 3.19 d) formed adjacent to the steepest of the local topography. However, most of
the river was wide and meandering, forming islands with sizes ranging from less than a meter to
several meters in width and length. We observed several meanders formed during periods of
overflow. In these areas, the stream was incised ~0.5 m at its edge, with increasing depths towards
areas with more substantial flow. Figure 3.18 d shows Radical River approaching the topographic
high between catchments, characterized by pooling and wide meanders with several islands. Ice
motion cannot explain this flow diversion in 2018. Local ice velocity near Radical moulin is 43.4
m a-¹ to the northwest, which is in the direction of Radical River's new flow path. Further, the
final 200 m of Radical River was snow-filled in 2018. Thus, opening a new crevasse in the area
would not have allowed water to flow and reactivate the same moulin in 2018. Together, our
observations of stream routing and local ice dynamics indicate the snow-infill that redirected flow
in 2018.
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After breaching the topographic high, Radical River's flow narrowed and formed tight
meanders as the river flowed down the steep hillslope defining Mars Lake's southern boundary.
Radical River terminated by emptying into Mars Lake. The rerouting of Radical River resulted
in the extension of Radical River's length by 2.3 km, when compared to its’ length in 2017 (Figures
3.11, 3.15, 3.18). Even though only a small proportion of Radical River's overall length deviated
from large-scale ice surface topography, the rerouting of flow reconfigured drainage on
catchment scales. The specific repercussions to local hydrology include the increased residence
time of meltwater within the supraglacial drainage system, increased supraglacial lake filling
rates, decreased moulin density, and the tripling of the Mars catchment's area (8.2 km² in 2017 to
24.8 km² in 2018). Altogether, our observations demonstrate that local topography can
significantly modify catchment geometry when the fluvial incision within a catchment's highestorder channel allows water to flow in directions opposing large-scale ice topography to breach
supraglacial drainage divides.

3.5.

Synthesis and Discussion

Our observations from three mid-elevation catchments within the GrIS ablation area show that
fluvial incision of supraglacial streams through drainage divides can significantly alter the
characteristics of IDCs between years. Indeed, supraglacial meltwater routing generally adhered
to large-scale ice surface topography, with flow only deviating over length scales below a
kilometer. These observations align with previous work conducted within the GrIS ablation area
(Crozier et al., 2018; Karlstrom & Yang, 2016). However, our observations show that where flow
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diversions affect a catchment's highest-order stream, fluvial incision and local ice topography can
dramatically alter catchment properties.

3.5.1.

Local controls on flow routing

Studies of supraglacial lake drainage have shown that when lake water level exceeds the lowest
point of a drainage divide, meltwater will spill over and incise a channel, allowing the lake to
drain through this newly incised channel (Raymond & Nolan, 2000). We hypothesize this same
hydraulic process, coupled with snow plug formation, can explain how Radical River breached
the catchment's topographic high in 2018.
During the winter following the 2017 melt season, all of the supraglacial channels incised
deeper than the surrounding ice surface during the melt season would have filled with snow.
This would have included the most incised parts of Radical River (i.e., the final ~200 m) and the
canyon that drained Mars Lake (Figures 3.18–3.20). At the beginning of the melt season the
snowpack would begin to melt. Once enough of the winter snowpack melted, supraglacial
streams likely formed along similar paths within the catchment, generally following large-scale
ice topography. Snow-infill of relic channels would take longer to melt than other areas, owing
to the greater snow depth. Once exposed, bare ice would begin to melt faster than snow-covered
areas with higher albedo.
Consequently, meltwater would likely follow large-scale ice topography until reaching
snow-filled channels that were more deeply incised (Figure 3.20 c). At this point, the rate of
melting the snow plug is competing against the rate of meltwater delivery to the area. If
meltwater delivery outpaces the meltwater's ability to melt the snow plug, meltwater will begin
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to pool behind the plug (Figure 3.20 d). This competition would depend on local ice topography,
rate of melting through the snow plug (Darcian flow upon saturation), size of the snow plug, local
surface gradients, properties of the snow plug, and water temperatures. If enough meltwater
pools behind the snow plug, meltwater will eventually spill-over the next lowest point on the rim
(Figure 3.20 e). Flowing water will incise a new path, redirecting flow past the snow plug.
Meltwater would likely continue to pool and spillover local topographic high points until
reaching a moulin, crevasse, or steeper slopes. Where large-scale topography is shallow, as in the
case of Radical River, pooling and overspill within local ice depressions could divert flow away
from an IDC's terminal moulin. This process could explain previous observations by Smith and
others (2015) that some GrIS supraglacial streams breached topographic divides.
The lake filling rate appears to be an important control on the drainage of Mars Lake. In
2017, Mars Lake drained through an incised canyon formed during the previous melt season. Yet
in 2018, Mars drained by overtopping another point on the drainage basin's rim and incising a
new channel. We speculate that the overtopping of Mars Lake in 2018 was facilitated by the
redirection of Radical River. In 2017, Radical River flowed to its own moulin, but in 2018, snow
plugs redirected Radical River into Mars Lake. This change effectively tripled the catchment area
draining into Mars Lake and likely affected lake filling rate. Consequently, Radical River's
rerouting likely increased the lake filling rate in 2018, which presumably outpaced the lake
water's ability to melt through the snow-plugged canyon. Therefore, while lake water was trying
to melt through the snow-plugged canyon, the lake's water level increased above the next
topographic high point first. After the lake spilled over the ridge, channel incision lowered the
lake's water level.
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The consolidation of Radical and Mars catchments may increase lake filling rates in a way
similar to high-intensity melt seasons. Although warmer years may also increase the temperature
of lake water which could hasten the water's ability to melt through snow-plugged channels,
higher melt rates would also increase lake filling rates without a change in the IDC area.
Therefore, the expansion of the catchment area or years with high temperatures could increase
lake filling rates enough to outpace snow plug melting and cause the lake drain by incising a new
channel.

3.5.2.

Controls on ice surface topography

The supraglacial flow paths mapped in this study demonstrate local ice surface topography can
significantly modify the shape and size of IDCs. The influence of basal topography in controlling
the planform of IDCs has been focused on in the past. According to Gudmundsson 2003, the
transfer of basal topography to the ice surface is a function of basal slipperiness. Basal sliding
accounts for a significant proportion of surface velocity in this region of the GrIS, ranging from
44–90% (Ryser et al., 2014). This corresponds to basal undulations of 3–8 times the mean ice
thickness being transferred to the ice surface topography (Gudmundsson, 2003). For our study
area, this range is equivalent to a length scale of 2.1–6.4 km, a ratio evident in the steep slopes and
surface depressions confining Mars and ArcSav supraglacial lakes.
On the finer scales of IDCs (<10 km), ice surface features between 1–10 km can generally
be explained by bed topography transfer to the ice surface, with fluvial incision thought to play
a lesser role because of the short length-scales over which supraglacial streams deviate from
predicted paths (Crozier et al., 2018). Our observations demonstrate that deviations from large86

scale topography over short lengths can impact hydrology on catchment-scales. This occurs when
fluvial incision at the base of a catchment's highest-order channel allows water to flow in
directions as opposed to large-scale ice topography. This process gives rise to the potential for
streams to evade their terminal moulins and breach the topographic high points defining
drainage divides. For example, during the 2018 melt season, only 0.7 km of the 4.8 km long
Radical River flowed in a direction against bed-induced ice surface topography. While this 0.7
km amounts to just 14% of the river's overall length, meltwater delivery to the subglacial drainage
system was diverted by 3 km as a result with the consolidated catchment area tripled.
The physical processes that control local ice topography should have the greatest
influence on supraglacial meltwater routing in areas with shallow surface slopes or where
supraglacial lakes drain by overtopping drainage divides. With increasing distance and elevation
from the GrIS margin, ice surface topography becomes shallower, potentially increasing the
influence of local ice topography on meltwater routing and, therefore the location and geometry
of IDCs. For example, on alpine glaciers or lower-elevation parts of the GrIS, moulin density is
relatively high such that if one moulin were not reactivated, water would only need to flow a
short distance before reaching another crevasse to form a new moulin. Alternatively, where
surface slopes are strong, the channels would follow the same general flow path (St Germain &
Moorman, 2019). In either case, the impact of the moulin location on ice dynamics is small, with
water reaching the bed in relatively the same location. Further from the GrIS margin where
moulin density is low, small diversions in supraglacial stream routing could potentially reroute
meltwater many kilometers, thereby influencing local and regional ice-dynamics in the process.
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Even though current surface hydrology models are unable to predict the interannual
variability of any individual lake (Koziol et al., 2017), regions vulnerable to the aforementioned
physical processes that result in interannual variability could be identified and manually
implemented to explore potential ice-dynamic ramifications. This could be accomplished by
allowing variability in moulin locations instead of forcing draining into previously identified
moulins. Manual identification of moulins is time-intensive due to a lack of automated
approaches. Our results suggest either flagging moulins in areas with shallow surface slopes or
exploring the implications of flow path variability in models. Specifically, this would change lake
filling rates, lag times, the timing of lake drainages within the melt season, and the meltwater flux
into eventual moulins.

3.6.

Conclusion

Repeat observations over the 2017 and 2018 melt seasons reveal significant interannual variability
in the size, number, and locations of IDCs in the GrIS ablation area. Specifically, we showed that
local ice topography (namely fluvial incision and snow plug formation) can redirect the flow of
the highest order supraglacial streams. Moreover, the control of local topography on meltwater
routing appears to be magnified where surface slopes are shallow, such as at higher elevations
within the GrIS ablation area. As a result, models should consider IDC variability in constraining
meltwater inputs to the subglacial drainage system when assessing the GrIS ice dynamic response
to future warming scenarios.
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Table 3.1.

Catchment area and coordinates.
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Table 3.2.

Terminal moulin coordinates for High Camp catchments.
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Figure 3.1. High Camp field site, Paakitsoq region of the western Greenland Ice Sheet. a,
Landsat-8 Imagery courtesy of the U.S. Geological Survey, acquired on 21 July 2018. Sermeq
Avannarleq and the Paakitsoq region of the western GrIS is shown with our field site High Camp
outlined. Surface elevation contours derived from ArcticDEM. b, WorldView Imagery © 2017
DigitalGlobe, Inc., acquired on 03 July 2017. Ice surface contours, 10 m, from ArcticDEM. Each of
the 2017 internally drained catchments are outlined, and the highest order streams and terminal
moulins are marked (blue lines, triangles). Ice flow direction is to the upper left.
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Figure 3.2. 2017 Mars and ArcSav lake drainage flow paths and mapping traverse. WorldView
Imagery © 2017 DigitalGlobe, Inc., acquired on 03 July 2017. Supraglacial channels draining each
lake (thin blue lines) into their terminal moulins (blue triangles). dGPS survey traverse paths
(pink), data shown in Figures 3.4 and 3.7. Pins mark the locations of photos taken during each
traverse with shading indicating the camera angle (and feature location shown) for photos shown
in Figures 3.3, 3.5, and 3.6. Pins labels correspond to figure or subplot names. Ice flow direction
is to the upper left. Coordinate reference system used: WGS84 Polar Stereographic North
(EPSG:3413).
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Figure 3.3 2017 Mars Lake: shoreline to moulin transect photos. Photos taken along dGPS
survey on 11 August 2017 between 13:00 and 14:00 local time. Arrows indicate stream flow
directions. a–b, Stream flowing contrary to the large-scale topography, with stream incision depth
increasing. b, Dunes 1 and 2 are visible to the right of the stream. c, Topographic high point
breached by the stream draining Mars Lake. Collapsed snow bridge visible. d–e, Photos taken on
the downward sloping edge of the down-glacier drainage basin where Mars moulin was located.
e, Overflow features formed during the early stages of lake drainage.
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Figure 3.4. 2017 Mars Lake: shoreline to moulin transect and profile. a, Plan view of roving
dGPS survey from Mars Lake shoreline (left) to Mars moulin (right, blue triangle). Colors
correspond to dGPS derived ice surface elevation (m). b, Profile of transect, with color and y-axis
denoting elevations. Color and y-axis show elevation. Units are in meters and elevation is meters
above WGS-84 ellipsoid for consistency with map contours.
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Figure 3.5. Mars Moulin, 2017. Moulin terminating the stream draining Mars Lake, taken at the
end of the stream traverse, which wrapped around the moulin to the position shown in this photo.
Previous stream water levels are incised into the banks of the stream and moulin. Our GNSS
station "MARS" is visible in the background behind the moulin.
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Figure 3.6. 2017 ArcSav Lake: shoreline to moulin transect photos. Photos were taken along
dGPS survey on 11 August 2017 between 14:45 and 15:15 local time. a, A show-plug covering
ArcSav moulin, obscuring the end of the supraglacial stream. b, partial snow bridge attached to
Eastern wall of the supraglacial stream. c, MARS GNSS station visible in the background (right).
d–e, ArcSav Lake is near the people in the background of these photos (around the bend in the
stream). Photos show increasing stream incision with distance from the shoreline—stream depth
on the order of centimeters.
104

Figure 3.7. 2017 ArcSav Lake: shoreline to moulin transect and profile. a, Plan view of roving
dGPS survey from ArcSav Lake’s shoreline (bottom) to ArcSav Moulin (top, blue triangle). Color
corresponds to elevation. b, Profile view with northward distance from ArcSav shoreline (left) to
ArcSav Moulin (right, blue triangle). Color and y-axis show elevation. Units are in meters, and
elevation is meters above WGS84 ellipsoid for consistency with map contours.
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Figure 3.8. Radical catchment and moulin, 2017. a, WorldView Imagery ©2017 DigitalGlobe,
Inc., acquired on 03 July 2017. The orange line outlines Radical catchment, and the yellow triangle
shows the location of Radical Moulin. b, Radical River and gauging station located ~30 m
upstream of Radical moulin.
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Figure 3.9. 2017 and 2018 comparison of highest-order stream flow paths. WorldView Imagery
© 2019 DigitalGlobe, Inc., acquired on 08 June 2019. The flow paths of the highest order streams
draining each of the three catchments are traced for 2017 (pink) and 2018 (blue). Circles mark the
terminal moulins for each stream.
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Figure 3.10. Snow-filled canyon that drained Mars Lake in 2017. Photography © 2018 Timothy
Bartholomaus, taken 29 April 2018 of the canyon draining Mars Lake (foreground). Windblown
snow filled the deeply incised canyons resulting in snow plugs several meters deep.
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Figure 3.11.
2018 Mars and ArcSav lake drainage flow paths and mapping traverse.
WorldView Imagery © 2019 DigitalGlobe, Inc. acquired on 08 June 2019 with the 2017 (pink) and
2018 (blue) lake drainage paths. Photos of the channels draining each lake are presented in Figure
3.12 for ArcSav, and Figures 3.14–3.16 for Mars Lake. Pins mark the location where the photos
were taken with the shaded area shows the camera's angle. Pin labels correspond to the figure or
subplot naming conventions. The terminal moulins draining each lake in 2018 are denoted with
dark blue triangles, while the advected moulins that drained ArcSav Lake in 2017 is shown in
light blue. The satellite imagery is projected with the WGS84 Sea Ice Polar Stereographic North
(EPSG:3413) coordinate reference system.
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Figure 3.12. 2018 ArcSav Lake drainage photos. a–c, e, Abandoned snow-filled canyon and
newly incised canyon draining ArcSav Lake. d, New drainage pathway diverging from the snowfilled incised canyon with terraces to the junction's left. f, The deeply incised channel draining
ArcSav Lake approaching Mars Moulin in 2018. Photography © 2018 Celia Trunz for panels a, b,
and d–f.
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Figure 3.13. 2018 ArcSav Lake: shoreline to moulin transect and ArcticDEM profile. a, Plan
view of the incised supraglacial stream draining ArcSav Lake (bottom) during the 2018 melt
season. This stream diverged from the previous year's flow path at the second point from the
bottom of the panel. Triangles mark the streams terminal moulin, formed in the same fracture
draining Mars Lake the previous year. Colors correspond to elevations. b, Profile view with
elevations extracted from ArcticDEM, elevation is given as meters above the WGS84 ellipsoid for
consistency.
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Figure 3.14. Snow-filled canyon near Mars Lake’s shoreline, August 2018. a, Slush-topped
water filling the initial part of the stream with collapsed snow bridge filling the stream. Dunes 1
and 2 are visible on the northern edge (right) of the canyon. b, Zoom-in is showing a small tunnel
melted into the side of the snow plug. Tunnel walls show scalloping.
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Figure 3.15. 2018 Mars Lake drainage photos. a, Overflow features and abandoned meandering
channel formed during the initial stages of lake drainage. b–c, Photos taken near the topographic
high west of Mars Lake. The canyon walls show horizontal demarcations from the lateral incision
on the cut banks in stream meander bends. Fluvial terraces are visible in b–d, formed during
earlier phases of the lake drainage.
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Figure 3.16. 2018 Mars Lake: shoreline to moulin transect and ArcticDEM profile. a, Plan view
of Mars Lake's 2018 drainage pathway from Mars shoreline (left) to Phobos moulin (right). b,
Profile view of transect with elevations extracted from ArcticDEM and in units of meters above
WGS84 ellipsoid with colors also indicating elevation.
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Figure 3.17. Phobos Moulin, winter 2018. Photography © 2018 Jason Gulley. In October 2018,
after the melt season had ended, the upper ~10% of Phobos moulin was explored and is shown
in this figure. This photo illustrates the melt induced by the massive volume of water entering
the moulin from Mars Lake.
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Figure 3.18. 2018 Radical River: snow plug to Mars Lake transect and ArcticDEM profile.
WorldView Imagery © 2019 DigitalGlobe, Inc., acquired on 08 June 2019 with 2017 (pink) and
2018 (blue) flowpaths of Radical River. The 2017 drainage basins/topographic highs are outlined
in orange for Radical and Mars catchments. b, ArcticDEM derived elevation profile of Radical
River during the 2018 melt season. c, WorldView Imagery ©2018 Digital Globe, Inc., acquired 27
June 2018 showing Radical River diverted from its 2017 flow path. Ice flow direction indicated in
the legend, annual ice displacement ~50 m a-1. Pins correspond to the location photos in Figure
3.19. with corresponding labels.
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Figure 3.19. Radical River mapping photos, 2018. a, Snow-plugged incised channel occupied
during the 2017 melt season, which led to Radical moulin approximately 200 m away (right). b–
c, Slushy transition at the stream/snow plug interface. d–e, Radical River flowing perpendicular
to ice surface elevation contours. f, Approaching the topographic high separating Radical and
Mars drainage basins. Photography ©2018 Celia Trunz for images in panels d–f.
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Figure 3.20.
Conceptual model of snow-plugged channel diverting meltwater flow. a, an
Incised supraglacial stream flowing towards terminal moulin. b, Over the winter, the incised
channel fills with snow. c, During the following summer, supraglacial streams route meltwater
to the snow plugged incised stream formed the previous year. d, Meltwater pools behind the
snow plug while water penetrates and begins to melt the snow, creating a slushy boundary. e,
Meltwater delivery outpaces melting of the snow plug, pooled meltwater fills local depression
and spills over a local high point. Flowing water incises a new flow path, diverting the flow.
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CHAPTER FOUR
ISOLATED CAVITIES DOMINATE GREENLAND ICE SHEET
DYNAMIC RESPONSE TO LAKE DRAINAGE

4.1.

Abstract

Seasonal variability in the Greenland Ice Sheet's (GrIS) sliding speed is regulated by the response
of the subglacial drainage system to meltwater inputs (Bartholomew et al., 2010). Early in the melt
season, meltwater influx to moulins increases subglacial water pressure and ice sliding speeds.
Later in the melt season, ice velocities often decrease (Andrews et al., 2014). While velocity
decreases have been attributed to increased efficiency of the subglacial drainage system
(Bartholomew et al., 2010, 2012; Cowton et al., 2016; Sundal et al., 2011), recent observations
suggest pressure decreases within hydrologically isolated regions may instead be responsible
(Andrews et al., 2014; Hoffman et al., 2016). The importance of channelization relative to
dewatering of isolated cavities in controlling seasonal ice deceleration remains unsolved, owing
to the scarcity of direct hydrological measurements on the GrIS. Here we show GrIS ice velocity
decreases are not caused by increased drainage system efficiency. Using ice velocity, moulin
hydraulic head, and glaciohydraulic tremor measurements recorded several kilometers
downglacier from rapidly draining supraglacial lakes, we show the passing of a subglacial
floodwave slowed minimum sliding speeds to wintertime background values without increasing
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the hydraulic capacity of the moulin-connected drainage system. We interpret these results to
reflect a persistent basal traction increase consistent with dewatering of isolated cavities during
the lake drainage event. Our results demonstrate that dewatering of isolated cavities and not
increased hydraulic capacity of the subglacial drainage system is the dominant control on
seasonal ice velocity decreases. Current predictions of the GrIS's ice-dynamic response to
increased surface melting hinges on the subglacial drainage system's ability to increase its
capacity to offset sustained meltwater influxes, which our results demonstrate this may not be
the case.

4.2.

Introduction

Predicting the Greenland Ice Sheet's (GrIS) response to future climate warming scenarios is
limited by gaps in understanding links between ice sheet hydrology and dynamics. Using betterstudied alpine glaciers as GrIS analogs, the subglacial drainage system's hydraulic capacity is
considered the primary control on sliding speeds. Ice accelerates when water inputs exceed the
drainage system's hydraulic capacity, causing water to back-up englacially, which increases the
pressure head at the bed and reduces basal traction (Bartholomaus et al., 2007; Bartholomew et
al., 2012). Ice velocity decreases during the melt season have been interpreted to reflect a
transition from an inefficient, distributed drainage system consisting of high-pressure linked
cavities and till aquifers to an efficient drainage system consisting of low-pressure conduits
(Chandler et al., 2013; Colgan et al., 2011; Sole et al., 2013; Sundal et al., 2011). Conduits are
thought to be able to enlarge in order to accommodate sustained meltwater influxes and drain
water from the surrounding inefficient drainage system, thereby reducing subglacial water
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pressures and slowing sliding speeds. Under this paradigm, the GrIS ice-dynamic response to
future warming should be buffered by conduit enlargement.
Recent observations have shown that weakly connected, and hydrologically isolated
cavities can drive seasonal decreases in ice velocity that have been widely attributed to increased
drainage system efficiency. The isolated drainage system consists of water-filled cavities which
form on the lee-side of bedrock bumps where sliding decouples ice from the bed (Iken & Truffer,
1997; Lliboutry, 1968; Walder, 1986). Isolated cavities exist between, and are isolated from,
distributed and channelized regions of the subglacial drainage system, similar to how oxbow or
thermokarst lakes and ponds are disconnected from nearby rivers and streams in surficial
hydrological systems. Distributed and channelized parts of the drainage system modulate
pressures within isolated cavities indirectly through the transfer of mechanical support
(Meierbachtol et al., 2016; Murray & Clarke, 1995), or through sliding-driven fluctuations cavity
volume (Iken & Truffer, 1997). Because pressures within isolated cavities are high, these small
changes in cavity volume cause water pressures to fluctuate about ice overburden pressure,
modifying basal traction and modulating sliding where they are distributed over large areas of
the bed (Andrews et al., 2014; Hoffman et al., 2016; Iken & Truffer, 1997; Meierbachtol et al., 2016).
Isolated cavities can connect and drain into the distributed drainage system when large
influxes of water overwhelm the subglacial drainage system. Rapid basal sliding or hydraulic
jacking of the ice can create transient connections between isolated cavities and nearby parts of
the distributed drainage system. If isolated cavities are at higher pressure, water in them will
drain into the distributed system until connections subsequently close-off when water pressures
are low (Iken & Truffer, 1997; Rada & Schoof, 2018; Stone & Clarke, 1996). Consequently, isolated
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cavities that maintained high average subglacial water pressure and promoted sliding before the
connection would have lower water pressures and therefore slowing sliding speeds. If drainage
of isolated cavities is responsible for observed slowdowns (Andrews et al., 2014; Hoffman et al.,
2016; Ryser et al., 2014) and not increased channelization, it is less clear how the GrIS will respond
to future warming.

4.3.

Study Area and Methodology

4.3.1.

Study area and overview

Here we report how relationships between subglacial water pressure and ice sliding speeds
changed when rapidly draining supraglacial lakes triggered a subglacial floodwave that passed
beneath our study site on the GrIS. Using those changes, we infer that the dewatering of isolated
cavities, not increased channelization, is responsible for seasonal decreases in ice velocity. We
established a camp in the ablation area of Sermeq Avannarleq on the western GrIS (Figure 4.1,
Table 4.1; 65.6°N, 49.7°W), more than 7 km downglacier from several supraglacial lakes that
drained in previous years (Morriss et al., 2013; Williamson et al., 2017). Theoretical subglacial
hydraulic potential gradients, which may provide information about subglacial flow paths
connecting discrete inputs to downglacier areas (Gulley et al., 2012), indicated our camp was
located along the theoretical subglacial flow path draining these lakes (Figure 4.1).
On 10 July 2018, we instrumented PIRA moulin with a pressure transducer to measure
water pressure in the most connected subglacial drainage system (Andrews et al., 2014). We
measured ice motion using three Global Navigation Satellite System (GNSS) stations spanning
approximately 750 m in the across-flow direction from GNSS station JEME, positioned near our
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instrumented moulin. In May 2018, we installed a seismic station near PIRA moulin to measure
seismic glaciohydraulic tremor, a proxy for the subglacial flux of water within the most-connected
regions of the subglacial drainage system (Bartholomaus et al., 2015), and the occurrence of
icequakes associated with nearby ice fracture (Roeoesli et al., 2016). Finally, we use
meteorological data from LOWC weather station (Mejia et al., 2020), installed at our field site,
filling in data gaps with data from the Greenland Climate Network GC-NET weather station JAR1
(Steffen et al., 1996).

4.3.2.

Methods

4.3.2.1. Moulin instrumentation
We instrumented moulins during the 2017 (JEME moulin) and 2018 (PIRA moulin) melt seasons
after the snowline had retreated past our camp in the ablation area of Sermeq Avannarleq (Figure
4.1; 65.6°N, 49.7°W). PIRA moulin formed ~90 m upglacier of the abandoned JEME moulin by a
crevasse cross-cutting the same supraglacial stream. In both years we could see ~30 m into each
moulin before visibility was obscured by darkness and spray. The visible parts of the moulins
appeared vertical. We measured water pressures within each moulin using Geokon 4500HD
7.5MPa piezometers affixed to armored cable.
We instrumented each moulin by lowering measured lengths of cable until the sensor
reading (updated every 3-seconds) increased with water depth, indicating we reached the water
column within the moulin shaft. We then continued lowering the sensor while simultaneously
monitoring the sensor reading to confirm depth increases. In both years, we reached a point
during moulin instrumentation when feeding more cable into the moulin did not change the
123

sensor's recorded depth. We anchored the cable to the ice surface, fixing the sensor in place in at
154.5 m below the ice surface. We recorded water pressures every 15-minutes by Campbell
Scientific CR-1000 data loggers equipped with AVW200 modules.
To convert the sensor measurements of water pressure (Pw) to hydraulic head (h) we
subtract the piezometer's depth from the GNSS reported ice surface elevation to determine the
sensor elevation (zsensor) in meters above sea-level. Then, we calculate hydraulic head using the
following which assumes a vertical moulin shaft, consistent with uppermost ~30 m of the moulin
shaft (Catania & Neumann, 2010):

h=

𝑃𝑃𝑤𝑤
+ 𝑧𝑧𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
ρ𝑤𝑤 𝑔𝑔

where ρw is the density of water and g is the acceleration due to gravity. We estimate an error of
20 m in our absolute moulin head measurements, arising from the uncertainty in the sensor
elevation as described in detail by Andrews and others (2012). Importantly, error in absolute
moulin head does not apply to our measurements of relative change (e.g., diurnal variations). We
represent moulin hydraulic head as measured from sea-level to allow for comparison with
existing datasets and to avoid using poorly constrained bed elevations which can have
uncertainties on the order of 100 m (e.g., BedMachine v3 bed elevation product).
We use atmospheric pressures recorded by the Greenland Climate Network, GC-NET,
weather station JAR1 (Steffen et al., 1996), located approximately 5 km northeast of our
instrumented moulins JEME (2017) and PIRA (2018). Due to instrument failure, atmospheric
pressure variations were not available during the 2018 melt season to correct PIRA hydraulic
head. However, the additional error introduced to our 2018 water pressure record is likely small,
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as evidenced by the 2017 correction (Figure 4.2), where atmospheric pressure variability is on the
order of centimeters (std=0.05 m) while moulin hydraulic head varies on the order of tens of
meters (std=34.5 m).

4.3.2.2. Ice motion and uplift
We determined kinematic site positions from all GNSS stations (JEME, LMID, and JNIH) using
TRACK software (Chen, 1998; Herring et al., 2010) which uses carrier-phase differential
processing relative to base stations mounted on bedrock and methods adapted from (Xie et al.,
2019). We use bedrock mounted stations KAGA with a ~28 km baseline length (Fahnestock et al.,
2006) and ROCK with a 36 km baseline as reference stations (Figure 4.3, Appendix I) (Bjørk et al.,
2015). We use KAGA whenever data is not available from station ROCK to reduce data gaps
resulting from power outages. We estimate kinematic positions using 30-second intervals that
match our receiver sampling rates, and we apply a 10-degree cutoff angle to reduce multipath
and use long baseline mode during processing. To minimize smoothing gaps at the boundaries
of our daily observation files, we extend each observation file with 12-hours from the surrounding
days. Overlapping time periods are removed from the final position timeseries.
Post-processed positions were then imported to Python for further analysis (Virtanen et
al., 2020). We transformed ice motion into the along-flow and across-flow directions for each
station (Mejia, 2016). Before calculating velocities, we filtered positions to reduce spurious signals
resulting from GNSS uncertainties by applying a 6-hour rolling mean to the timeseries for each
active GNSS station. Velocity is calculated along each component of motion by differencing 2–
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hour separated positions determined by taking the median value over 3-minutes on each side of
this window. We determined winter background speeds by averaging velocity calculated during
periods of continuous measurements between March and May 2018, before the onset of the melt
season at our location in the ablation area. Formal error is estimated during processing are 1–2
cm in the horizontal direction and 4–5 cm vertically, with a velocity uncertainty of 0.024 m d-1.
Uplift is derived from the vertical component of motion recorded by each GNSS station.
Measured vertical ice motion is attributed to a combination of flow along a sloping bed, strain
thickening or thinning, and bed separation caused by cavity opening or till dilation where
subglacial sediments are present (Howat et al., 2008). To account for changes in elevation
associated with bed slope, we detrend the vertical component of motion with respect to distance
traveled in the long-flow direction using the linear fit before the melt season when strain and
cavity opening should be constant. We transform detrended vertical motion back to the time
domain to produce the uplift timeseries. Consequently, this uplift timeseries accounts for bed
separation due to cavity opening, strain thickening or thinning, and sediment dilation. Previous
studies close to our field site (Andrews et al., 2014; Hoffman et al., 2011) have documented
significant bed separation over short timescales, suggesting increased bed separation due to
cavity growth is likely a significant source of the uplift (greater than 10 cm) observed during each
lake drainage event.
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4.3.2.3. Glacio-hydraulic tremor and icequake record
We deployed a seismic station, SELC, approximately 150 meters away from PIRA moulin in April
2018 to record local icequakes and seismic glaciohydraulic tremor amplitude, a proxy for the flux
of subglacial discharge (Bartholomaus et al., 2015). This station was equipped with a Nanometrics
Centaur digitizer connected to a Nanometrics Trillium Compact Posthole sensor re-installed on
12 July 2018, 1.1 m below the ice surface. We poured sand over the top of the seismometer at the
time of installation to improve coupling between the sensor and surrounding ice. Ablation
measurements from late July 2018 indicate that the sensor remained at least 0.5 m below the ice
surface at the time supraglacial lake floodwaters passed beneath the sensor.
Glacio-hydraulic tremor is characterized by long-duration, low amplitude background
seismic noise that varies slowly without clear onset or termination. The amplitude of these
ground variations depends on both the flux and the pressure gradient of turbulently flowing
water within efficient, well-connected conduits. We characterized the glaciohydraulic tremor
amplitude using two different metrics: 1) the median power between 1.5–10 Hz calculated within
1-hour data windows (Bartholomaus et al., 2015), and 2) as the 20th percentile amplitude of
enveloped, 10-minute, seismic waveforms, high-pass filtered above 2 Hz. This 20th percentile
amplitude was chosen to be well below the higher percentile values that may represent distinct
ice fracturing events—equivalent results are obtained for other percentile metrics below
approximately 50. While both measures of glacio-hydraulic tremor produced qualitatively similar
results, we present the second approach using the 20th percentile envelope analysis because it is
tailored to work with a higher temporal resolution.

127

Impulsive “icequakes” are distinct from the slowly varying timeseries of glacio-hydraulic
tremor and are found at frequencies above 10 Hz. These icequakes are produced by ice fracture
events (e.g., crevassing) at the glacier surface, englacially, or at the glacier bed. We quantify the
strength of these locally recorded seismic events by the maximum seismic amplitude recorded at
our station within 10-minute moving windows. The maximum seismic amplitude depends both
on the scale of an event (slip length, stress reduction during the event, and surface area of the
fracture surface) and the distance between the event origin and the sensor. We also examined the
seven largest seismic events that occurred on 25 July 2018. These events contain paired seismic
arrivals on each of three station channels that correspond with P- and S-waves. Furthermore, the
very high frequency content (greater than 50–100 Hz) and inter-phase arrival times are consistent
with a source 500–1000 m from the station (such as the bed). The downward first P-wave motions
are consistent with some kind of crack closing. Some of these high frequency events had a lowfrequency coda indicative of the presence of water. While we lack the ability to definitively locate
these events, we believe that the high amplitude icequakes late on July 25th are best explained as
ice fracture events at the ice sheet bed.

4.3.2.4. Subglacial routing via hydraulic potential gradients
To estimate the flow direction of water within the subglacial drainage system we calculate
subglacial hydraulic potential gradients within Sermeq Avannarleq’s ablation area. We estimate
subglacial hydraulic potential gradients (φ) using:
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φ = ρ𝑤𝑤 g𝑧𝑧𝑏𝑏 + 𝑃𝑃𝑤𝑤
where ρw is the density of water, g is acceleration due to gravity, zb is bed elevation, and Pw is
subglacial water pressure, assumed to be equal to ice overburden pressure (or ρigh, where ρi is ice
density and h is the ice thickness). Surface and bed elevations (Figure 4.4) are derived from the
BedMachine Greenland v3 dataset (Morlighem et al., 2017) with a true resolution 400 m that is
upsampled to 150 m. This calculation requires the assumption that subglacial water pressures are
at overburden throughout the domain during conduit formation. Once conduit flow paths are
established, they can expand by melting and contract by creep closure but their locations are
unlikely to change (Gulley et al., 2012). We determine flow paths by calculating flow
accumulation along subglacial hydropotential gradients using the MATLAB Topotools toolbox
(Schwanghart & Kuhn, 2010). We use surface and bed elevations at points spaced 50 m along the
hydropotential flow path connecting Lake E to the terminus (bold cyan line) for the bed profile
in Figure 4.1 c.
While our observations show a direct connection between a draining supraglacial lake and
a moulin located over eight kilometers downglacier, instrument records suggest the floodwave
modified an even larger area of the subglacial drainage system. The similarity between the GNSS
station response to each lake drainage event indicates the lateral extent of the floodwave was at
least 500 m, which is approximately equivalent to the ice thickness in this area. We argue that our
observations reflect the lower limit on the area of the isolated drainage system dewatered by the
subglacial floodwave. It is likely that similar alterations to the subglacial drainage system
occurred at downglacier locations as the floodwave continued propagating towards the coast.
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4.3.2.5. Supraglacial lake volumes
Maximum lake extents prior to drainage were manually delineated and used with QGIS
interactive measurement tools to perform an ellipsoidal calculation to find lake area. We use the
most recent satellite imagery available from either Landsat or Sentinel products acquired before
the lake drainage events in 2017 and 2018 (Figures 4.8, 4.10). Supraglacial lake extents are outlined
in Figures 4.1, 4.8, and 4.10.
We use these areas to estimate the volume of water stored within each supraglacial lake.
Lake volume estimates (reported in Table 4.2) are calculated using an area-to-volume scaling
relationship for the Paakitsoq region of the GrIS (Williamson et al., 2017) where lake volume (V)
in m³ can be calculated following:
𝑉𝑉 = 575,341 𝐴𝐴2 + 271,187 𝐴𝐴 + 89,617

where A is the lake area in km². Calculated volumes have an associated error of 4.2×105 m³. The
numbers reported next to the lake names correspond with naming conventions used by Morriss
and others (2013). Maximum extent was determined using Landsat-8 and Sentinal-2 imagery with
QGIS tools. We derive ice surface elevation for the center of each supraglacial lakes and estimates
of ice thickness from BedMachine v3 (Morlighem et al., 2017).

4.4.

Results

4.4.1.

2018 lake drainages

Before the lake drainages in late July 2018, daily meltwater production induced clear diurnal
variations in moulin hydraulic head, glaciohydraulic tremor amplitude, and ice velocity (Figures
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4.5–4.6). Moulin hydraulic head was moderately variable, with minimum values falling below
the piezometer elevation of 597 m.a.s.l. (below 73±12% of ice overburden pressure), and
maximum values up to 666 m.a.s.l. (about 88±9% of overburden). Diurnal peaks in moulin water
level and ice velocity were well correlated (Figure 4.7 c), indicating PIRA moulin was wellconnected to the most hydraulically-efficient regions of the subglacial drainage system that
control sliding on sub-diurnal timescales (Andrews et al., 2014). Importantly, before the lake
drainage event, ice velocity remained above wintertime background sliding speeds at all times,
even when water levels dropped below the piezometer elevation (Figure 4.5; 19–23 July 2018).
Between 24–30 July 2018, Sentinel-2A and Landsat-8 imagery captured the drainage of ten
supraglacial lakes located 8–26 kilometers upglacier from our instrumented moulin (Lakes A–J;
Figures 4.1, 4.8; Table 4.2). On 25 July at 16:00 local time, moulin water level, ice sliding speeds,
and uplift began increasing faster than typical diurnal fluctuations marking the first disturbance
to the connected drainage system (Figure 4.9 a–b). An hour after the initial pressure perturbation,
glaciohydraulic tremor amplitude sharply increased between 17:15–18:00, suggesting the abrupt
arrival of subglacial floodwaters at our site (Figure 4.9 e). By 18:00, moulin water levels climbed
86 m, reaching 700 m.a.s.l. (approximately 95±7% of overburden). As moulin water levels were
quickly rising, along-flow sliding speed peaked to 1.5 m d-1 at stations JEME and LMID (Figure
4.9 b), while the ice was uplifting most rapidly. Maximum event vertical displacement was 10±5
cm and 15±5 cm at JEME and LMID respectively (Figure 4.9 d).
As the subglacial floodwave began to wane and moulin water levels stalled near their
highest levels, we observed the onset of exceptionally high amplitude, frequent icequakes at 18:15
(Figure 4.9 f). Strong icequakes, interpreted to come from the ice sheet bed, continued as the ice
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sheet regrounded to the bed. By 20:00 moulin water levels and uplift were gradually declining,
ice sliding was slowing down, icequake amplitude was getting smaller, and tremor amplitude
had halved, all suggesting that most of the floodwaters had drained past our site.
Over the next several hours, moulin water levels declined gradually. In contrast, sliding
speeds slowed to winter background speeds (hereafter termed simply "background speeds") by
06:00 on 26 July, even though moulin water levels were still high. Further, similar tremor
amplitudes before and after the lake drainage indicate that the subglacial channel's hydraulic
capacity was unchanged, agreeing with previous modelling results (Dow et al., 2015). These
observations demonstrate that pressure decreases within the most connected parts of the
subglacial drainage system do not control ice velocity decreases. For this slowdown to occur,
basal traction would need to increase over enough of the bed to counter the high-water pressures
in the most connected parts of the drainage system.
For the remainder of the melt season, peak diurnal moulin water levels and sliding speeds
remained well-correlated, but, in contrast to the period before the lake drainage, ice velocity
minimums recurrently fell to background speeds (Figure 4.5). For example, before the lake
drainage (19–25 July), moulin water level fell below the piezometer elevation of 597 m.a.s.l. while
ice velocities remained above background speeds. However, after the lake drainage, ice velocity
fell to background speeds while moulin water levels were above the piezometer, 600 m.a.s.l. on 5
August and 598 m.a.s.l. on 7 August. This change in the relationship between diurnal minima
indicates the increased basal traction triggered by the lake drainage has a lasting effect on ice
velocity minima. We recorded a similar progression in 2017, but without seismic observations.
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4.4.2.

2017 lake drainage

On 21 July 2017, we instrumented JEME moulin with a pressure transducer that was anchored
350 m below the ice surface. Sentinel-2A and Landsat 8 imagery captured the drainage of
supraglacial lakes A–B between 26–27 July 2017 (Figures 4.1, 4.10). On 27 July at 02:30 UTC,
moulin water levels deviated from their nightly decline as the subglacial floodwave created by
the lake drainages approached our site (Figure 4.11). By 04:30 UTC, moulin water level had
jumped more than 60 m (about 13% of ice overburden pressure) to peak levels of 671 m.a.s.l. (or
86±9% of overburden). The ice-dynamic response was similar at the LMID and JNIH GNSS
stations. Peak moulin water level coincided with the peak along-flow ice velocities of 1.8 m d-1
and 2.0 m d-1 at stations LMID and JNIH, respectively, and peak vertical uplift of 14±5 cm at both
stations. After the subglacial floodwave drained past our site, the next day's ice velocity minimum
dropped to winter background speeds. At the same time, moulin water level was still high,
suggesting water pressure in the active drainage system was not responsible for the decline in ice
velocity.
Over the week following the lake drainage event minimum moulin water levels declined.
By 3 August, the diurnal minimum moulin water level was 60 m lower than after the lake
drainage event when ice velocities initially fell to wintertime background speeds. Despite this
significant reduction in minimum moulin water level (for comparison, during the lake drainage
event moulin water levels increased by 60 m) minimum ice velocity remained at winter
background speeds, unaffected by the falling pressures within the active drainage system. This
observation contradicts the behavior expected if increased efficiency of the channelized drainage
system slowed sliding speeds. Therefore, while increased pressurization of the active drainage
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system reduced basal traction to drive diurnal acceleration, declining pressures in the active
drainage did not reduce minimum sliding speeds. Instead, these observations indicate the state
of the isolated drainage system governed the lower limit of sliding speeds.

4.5.

Discussion

Given our observations before, during, and after lake drainages in 2017 and 2018, we infer that
the slowdown to winter background speeds was caused by increased basal traction following the
drainage of water from isolated cavities that became transiently connected during the lake
drainage event and not increased channelization.

4.5.1.

Conceptual model of floodwave induced isolated cavity connection

We interpret the results of our study to reflect the following sequence of events. Rapid lake
drainage triggered a subglacial floodwave that quickly exceeded the subglacial drainage system's
hydraulic capacity, as evidenced by rapid increases in moulin hydraulic head and ice motion as
the floodwave approached our site (Figure 4.12). As sliding speed increased, subglacial cavities
expanded, forming new connections between linked and previously isolated cavities where
cavities grew into each other (Figure 4.12 a–b). As the distributed drainage system expanded,
high-pressure areas expanded across the bed to further increase sliding. Once the subglacial
floodwave began to recede, backpressure dissipated, allowing water injected into the distributed
system to drain back towards conduits (Bartholomaus et al., 2007). Water within previously
isolated cavities drained through newly formed connections, reducing water pressure within
these previously high-pressure cavities (Figure 4.12 c). Drainage of isolated cavities, therefore,
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increased basal traction and slowed sliding to background speeds. After the lake drainage event,
interconnections formed during the lake drainage event could have persisted, effectively
expanding the distributed drainage system. Additionally, some connections may have closed
closed-off when water pressures were low (Iken & Truffer, 1997; Murray & Clarke, 1995; Rada &
Schoof, 2018), remaining below ice overburden pressure due to the slow timescales of internal
meltwater generation (Hoffman et al., 2016) required to repressurize the cavity or by maintaining
a "weak" connection to the distributed system (Hoffman et al., 2016). As such, a persistent basal
traction increase would have been produced as long as most of the drained cavities remained at
pressures below ice overburden pressure, resulting in the observed reoccurring slowdown to
background sliding speeds.

4.5.2.

Role of isolated cavities in driving Greenland Ice Sheet slowdowns

While previous studies have emphasized the role of lakes in temporarily increasing sliding
speeds, our study suggests rapid lake drainages can trigger rapid isolated cavity drainage
following the passage of subglacial floodwaves. Consequently, the role of rapid lake drainages
on ice dynamics is ambiguous. On the one hand, lake drainages increase ice velocities by
triggering speedups (Selmes et al., 2011; Stevens et al., 2015) and creating stress conditions that
form new moulins that deliver meltwater to the bed (Hoffman et al., 2018). On the other hand,
our data show lake drainages can decrease ice velocities over large areas by dewatering isolated
cavities, explaining the correlation between rapid lake drainages and the onset of seasonal ice
deceleration (Andrews et al., 2018).
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When compared to other work on isolated cavities on the GrIS (Andrews et al., 2014;
Hoffman et al., 2016), our study suggests that seasonal ice dynamics and the onset of ice
deceleration may vary depending on whether or not areas of the ice sheet are influenced by rapid
lake drainages or only local inputs by moulins. In areas of the ice sheet that are influenced by
rapid lake drainages, massive subglacial floodwaves can expand into and connect cavities across
large areas of the bed. Dewatering of previously isolated cavities would then drive seasonal ice
deceleration (Andrews et al., 2018), potentially early in the melt season. In areas of the ice sheet
not influenced by rapidly draining lakes, short-lived increases in melting and meltwater delivery
to moulins may create smaller scale, more local flood events that overwhelm the hydraulic
capacity of the drainage system connected to a single moulin and drive either the incremental
dewatering of isolated cavities or gradual drainage of weakly connected cavities (Andrews et al.,
2014; Hoffman et al., 2016).
Neither rapid lake drainages nor the isolated drainage systems are currently considered
in the models used to predict the GrIS's sea-level rise contribution. To a large degree, their lack
of inclusion stems from the widespread use of alpine glaciers as GrIS analogues. While GrIS ice
dynamics have long been interpreted in the context of better-studied alpine glaciers, there are
essential differences between the two systems that may limit the applicability of the alpine glacier
model to the GrIS. High moulin densities, steep surface slopes, thin ice, and slow creep-closure
rates of smaller alpine glaciers allow for dense networks of high-capacity channels. High channel
density can lower subglacial water pressure over broad regions of the glacier bed and limit the
area available for isolated cavity formation, both of which limit the impacts of isolated cavities on
alpine glacier sliding.
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On the GrIS, however, low moulin densities likely result in lower subglacial channel
density (Banwell et al., 2016), meaning there is more bed area available for isolated cavities to
form and influence ice dynamics. Shallow surface slopes, thick ice, and fast creep-closure rates,
characteristic of much of the GrIS ablation zone, may limit the drainage system's ability to
increase its hydraulic capacity quickly enough to drain enough water from the distributed system
and lower water pressure over large areas of the bed. Accordingly, GrIS dynamics may be more
sensitive to sustained meltwater inputs than previously thought.

4.6.

Conclusion

Direct measurements of water pressure along a subglacial flow path showed that large influxes
of meltwater from lake drainages can drain isolated cavities and slow sliding speeds without
increasing the drainage system's efficiency. Building upon previous studies (Andrews et al., 2014;
Hoffman et al., 2016), these results demonstrate that decreasing ice velocity may have been
incorrectly attributed to the subglacial drainage system's ability to adjust its hydraulic capacity
in response to meltwater inputs readily. As a result, ice dynamics of the GrIS may be especially
vulnerable to sustained meltwater inputs, even where efficient subglacial drainage does exist.
Future modelling efforts must incorporate the response of unchannelized parts of the subglacial
drainage system to meltwater inputs in order to achieve accurate predictions of future GrIS
contributions to sea-level rise.
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Table 4.1. Low Camp instrumentation coordinates and site characteristics.

Coordinates and elevation determined from GNSS stations. Ice thickness determined
from BedMachine v3 data (Morlighem et al., 2017).
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Table 4.2.

Supraglacial lake coordinates and characteristics

146

Figure 4.1. Study area in the Paakitsoq region of the Greenland Ice Sheet. a, Landsat-8 Imagery
courtesy of the U.S. Geological Survey. Imagery acquired, 21 July 2018, showing Sermeq
Avannarleq. Inset shows a July 2018 drone. Site symbols are shown in the key. 100-m ice-surface
elevation contours derived from BedMachine v3 data. Maximum supraglacial lake extent filled
in navy. b, Sermeq Avannarleq (yellow star) location. c, Surface and bed elevations along
subglacial flow path extending from lake E to the terminus (cyan).
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Figure 4.2. 2017 Atmospheric pressure variability. a, Atmospheric pressure measured at the
Greenland Climate Network weather station JAR1 less the atmospheric pressure at the time JEME
moulin was instrumented (9.2422 m H2O). b, Hydraulic head measured at JEME moulin (blue),
and moulin head corrected for atmospheric pressure variability shown in a, (navy dashed line).
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Figure 4.3.
GNSS base station locations. Landsat-8 image courtesy of the U.S. Geological
Survey, (21 July 2018). Base stations used in post-processing on-ice positions are shown. Station
KAGA is located to the south, near the terminus of Sermeq Kujalleq (Bjørk et al., 2015) (Foreign
name: Jakobshavn Isbræ), and ROCK station is located to the northwest.
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Figure 4.4. Sermeq Avannarleq bed topography and subglacial hydraulic potential predicted
flow paths. Landsat-8 image courtesy of the U.S. Geological Survey (21 July 2018). BedMachine
derived bed elevation contours are shown in meters. Subglacial flow routing from hydropotential
gradients is shown in light blue. Lakes labeled following Figure 4.1.
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Figure 4.5. 2018 moulin hydraulic head, tremor amplitude, and ice velocity. a, PIRA moulin
hydraulic head and as a percentage of ice overburden pressure. b, 6-h averaged glaciohydraulic
tremor amplitude recorded by SELC. c, 6-h averaged along-flow ice velocity of stations LMID
(blue) and JEME (light blue). The timeseries is truncated to an upper limit of 0.6 m d-1 to preserve
diurnal velocity minima. The full range of ice velocity (extending to 1.5 m d-1). Gray line shows
winter background speed at station LMID 0.24 m d-1. Shading in all panels corresponds to periods
of heavy rainfall and the lake drainage event.
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Figure 4.6. Air temperature, moulin hydraulic head, tremor amplitude, and ice velocity in 2018.
a, Surface air temperature recorded at LOWC weather station (red) and the GC-NET station JAR1
(maroon). b, Moulin hydraulic head in m.a.s.l. and percent of ice overburden pressure for an ice
thickness of 503 m (ice thickness uncertainty ±100 m). c, Glacio-hydraulic tremor amplitude
smoothed with a 6-h rolling mean for the time period shown in Figure 4.5. d, Along-flow ice
velocity measured at stations JEME (orange) and LMID (blue). Light colors are smoothed with a
6-h rolling mean to show diurnal variability and light colors are smoothed with a 24-hr rolling
mean emphasize the slowdown following the mid-season lake drainage event. Blue dashed line
marks winter background sliding speeds for station LMID.
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Figure 4.7. Relationship between moulin hydraulic head and ice velocity. a–b, Moulin
hydraulic head and ice velocity variations coloring reflects the date of the measurements. A zoom
in to diurnal variations is shown in b. Diurnal variations move in a clockwise pattern. c, Linear
regression between diurnal maximum moulin hydraulic head and ice velocity (n=30, r=0.834,
p<0.05). d, Diurnal minimum ice velocity and moulin head plotted though time.
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Figure 4.8. Satellite imagery constraints on 2018 lake drainages. a, Sentinel-2 (ESA) image
courtesy of the U.S. Geological Survey. The Image was acquired on 24 July 2018 at 15:29:11UTC
showing the maximum extents of supraglacial lakes A–J (red outlines), with the location of our
instruments (red circles). b, Landsat-8 image courtesy of the U.S. Geological Survey, acquired on
30 July 2018 at 14:59:53UTC showing the drainage of lakes A–J, maximum extents same as in a.
Surface elevation contours (m) are from BedMachine v3. Data available from the U.S. Geological
Survey.
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Figure 4.9. Coupled hydraulic, ice-dynamic, and seismic observations following the 2018 lake
drainage event. a, PIRA moulin hydraulic head. b-d, GNSS station recordings from stations
LMID (blue) and JEME (light blue). b, 30-min filtered along-flow ice displacement detrended with
respect to winter background motion. c–d, 2-h averaged along-flow ice velocity and uplift. SELC
recorded e, glacio-hydraulic tremor amplitude and f, maximum icequake amplitude over 5-min
time intervals. Red dashed lines mark the boundaries of the ice-dynamic response. Yellow
shading marks when tremor amplitude suggests floodwaters were directly under our site.
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Figure 4.10. Satellite imagery constraints on 2017 lake drainages. a, Sentinel-2 (ESA) image
courtesy of the U.S. Geological Survey, from 26 July 2017 at 15:18:17 UTC showing the maximum
extents of supraglacial lakes A and B (red), with the location of our instruments (red circles). b,
Landsat-8 image courtesy of the U.S. Geological Survey, acquired on 27 July 2017 at 15:18:45 UTC
showing the drainage of lakes A and B, maximum extents same as in a. Surface elevation contours
(m) are from BedMachine-v3.
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Figure 4.11.
Moulin hydraulic head and ice velocity timeseries punctuated by 2017 lake
drainage event. a, JEME moulin hydraulic head (located in the same position as PIRA which
formed in its place during early 2018). b, Along-flow ice velocity from stations LMID (light blue)
and JNIH (teal). This timeseries is interrupted by the passing of subglacial floodwaters on 28 July
2017. Sliding slows to winter background speeds (gray) despite high moulin head. Diurnal
minimum moulin head falls over the subsequent week, amounting to ~60 m (same magnitude as
the lake drainage increase) but there is no further decrease in ice velocity as would be expected if
increased channelization controlled minimum sliding speed.
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Figure 4.12. Conceptual model of rapid lake drainages dewatering isolated drainage system.
a, Pre-lake drainage: meltwater inputs to moulins drain through subglacial conduits (blue dashed
line) which exchange water with nearby linked cavities (blue). High-pressure isolated cavities
occupy a large fraction of the bed with pressure fluctuations opposing those in the connected
drainage system. b, Rising limb of floodwave: floodwaters quickly overwhelm conduits, driving
water laterally into the distributed system and ice accelerates. Cavities expand and grow into
each other at which time water quickly fills and over pressurizes previously isolated cavities. c,
Receding-limb of floodwave: water flows through new connections back towards conduits
reducing water pressures over a large area of the bed. d, Post-lake drainage: linked cavities and
low-pressure isolated and weakly connected cavities occupy a larger area of the bed, increasing
basal traction when compared to pre-lake drainage.
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CHAPTER FIVE
CONCLUSIONS

5.1. Scientific Contribution and Future Directions
5.1.1.

Spatiotemporal lags in meltwater propagation

Hoffman and others (2011) showed that peak sliding speeds occurred later in the day at upglacier
sites relative to sites closer to the margin, as well as peak sliding occurring progressively earlier
in the day as the melt season progressed. We test whether differences in temporal lags between
meltwater production and delivery to moulins explain the spatial and temporal variability in
peak sliding speeds previously identified within the Greenland Ice Sheet's (GrIS) ablation area.
We constrained the timing of peak melting, supraglacial stream stage, moulin water level, and
ice surface velocity for two catchments at different elevations. Our observations revealed longer
lag times in meltwater delivery to our high elevation moulin, which caused peak moulin water
levels to occur 1–3.25 hours later than at our lower elevation moulin. Importantly, these
observations reveal that the timing of peak moulin water levels, and therefore peak pressures
within moulin-connected subglacial drainage systems, is spatially heterogeneous within the GrIS
ablation area.
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Another essential contribution of this work was the identification of non-local controls on
sliding at our high-elevation catchment, which has not previously been identified within the GrIS
ablation area. Our observations showed that while increased temporal lags in meltwater delivery
did cause peak moulin water levels to occur ~2 hours later at our upglacier site, this delay did not
entirely account for the timing of peak sliding speeds which lagged peak moulin water level by
2.8±2.0 hours. These lags indicate non-local controls on sliding that are not observed at our lower
elevation moulins. We suggest that the lower moulin density (i.e., fewer point sources of
meltwater pressurizing the ice-bed interface) at higher elevations could make the timing of peak
sliding more responsive to pressure fluctuations within nearby moulins. In effect, the timing of
peak sliding may correspond to pressures rising sufficiently within one of the few nearby
moulins, which would effectively reduce the bed-area that is actively resisting flow. Future
studies should broaden investigations into moulin hydrology to the larger scales in which basal
traction influences sliding to resolve the coupling between hydrology and sliding at higher
elevations within the GrIS's ablation area.

5.1.2.

Interannual variability of internally drained catchments

The geometry and locations of internally drained catchments (IDCs) were previously thought to
be controlled by static bed topography alone, such that their locations, sizes, and distribution
were persistent on decadal timescales. However, our observations from three neighboring midelevation IDCs revealed interannual differences in drainage pathways and terminal moulin
locations. The formation of a snow plug, within the final ~0.5 km of the previous year’s incised
channel, prevented meltwater from reaching the catchment’s terminal moulin. Instead, fluvial
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incision at the channel’s base allowed the stream to flow counter to large scale ice topography for
a short length and allow the channel to flow through a drainage divide. These observations
demonstrate local ice topography (namely fluvial incision and snow plug formation) can redirect
the flow of the highest order supraglacial streams. Where these streams breach topographic
divides, the size, shape, location, and number of IDCs can be significantly altered.
The ability for supraglacial streams to breach topographic divides appears to be magnified
where surface slopes are shallow, such as at higher elevations within the GrIS ablation area.
Further from the GrIS margin where moulin density is low, minor diversions in supraglacial
stream routing could potentially reroute meltwater many kilometers, thereby influencing local
and regional ice-dynamics in the process. As a result, models should consider IDC variability in
constraining meltwater inputs to the subglacial drainage system when assessing the GrIS ice
dynamic response to future warming scenarios.
Future work may be able to identify areas of lower elevations or shallow slopes that are
vulnerable to interannual variability. Once identified, variability could be manually (or
randomly) implemented to explore potential impacts on ice-dynamics. For example, instead of
forcing draining into previously identified moulins, models can examine the implications of
removing select moulins to simulate stream rerouting of supraglacial streams away from those
features. Moulins located in areas with shallow surface slopes or down-stream of slowly draining
supraglacial lakes could be flagged as potentially vulnerable to interannual variability. A
randomly selected subset of flagged moulins could be removed for individual model runs to
explore the implications of flow path variability on model outputs. By incorporating interannual
variability in moulin locations, models could potentially assess changes in lake filling rates, the
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timing of lake drainages within the melt season, lags between peak melt and peak meltwater
delivery to moulins, and the volume of water discharged into moulins. Each of these changes
could influence ice-dynamics on diurnal and seasonal timescales.

5.1.3.

Isolated cavities as essential parts of the GrIS subglacial drainage system

The idea that the channelized drainage system can increase its efficiency on the GrIS as it does on
alpine glaciers persists despite recent work suggesting this may not be the case. As a result, the
importance of channelization relative to dewatering of isolated cavities in controlling seasonal ice
deceleration remains unsolved, owing to the scarcity of direct hydrological measurements on the
GrIS. We examined the ice-dynamic response to a subglacial floodwave following rapid upglacier
supraglacial lake drainages to infer changes within the subglacial drainage system. Using ice
velocity, moulin hydraulic head, and glaciohydraulic tremor measurements, we showed the
passing of a subglacial floodwave slowed minimum sliding speeds to wintertime background
values without increasing the hydraulic capacity of the moulin-connected drainage system. We
interpret these results to reflect a persistent basal traction increase consistent with the dewatering
of isolated cavities during the lake drainage event. Our results demonstrate that dewatering of
isolated cavities and not increased hydraulic capacity of the subglacial drainage system is the
dominant control on seasonal ice velocity decreases. Current predictions of the GrIS's icedynamic response to increased surface melting hinges on the subglacial drainage system's ability
to increase its capacity to offset sustained meltwater influxes, which our results demonstrate may
not be the case.
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Future work needs to fully resolve the role of each part of the subglacial drainage system,
including channelized distributed and isolated components. Only once we fully understand how
each component of the subglacial drainage system interacts with one another to produce
observed ice velocities will we be able to predict how the GrIS will respond to future melting.
Specifically, isolated cavities must be incorporated into coupled hydro-dynamic models that
allow isolated cavities to respond to meltwater inputs.
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APPENDIX I:
GLOBAL NAVIGATION SATELLITE SYSTEMS DATA

During the Moulin Observation and Velocity Experiment (MoVE) we established on-ice Global
Navigation Satellite System stations at nine locations within the Paakitsoq Region of Sermeq
Avannarleq (Table A1). We determined positions from the on-ice stations using two bedrock
mounted base stations located 25–35 kilometers away (Table A1). We used the UNAVCO
maintained station KAGA located on the ice sheet’s southern margin and a station named ROCK
located on the northern ice sheet margin. Each station’s geodetic coordinates and ellipsoidal
height are described for 2017 (Table A2) and for 2018 (Table A3). The GNSS campaign ended in
early August 2019 when all stations were removed from the ice. Data availability for each station
is shown in Table A4. This dataset can be downloaded from Mejia et al., 2020 from the data
archive with UNAVCO’s GAGE Facility.
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Appendix I: Global Navigation Satellite System Data
Table A1. GNSS station naming conventions and baseline lengths
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Appendix I: Global Navigation Satellite System Data
Table A2.

GNSS station coordinates and data availability during 2017.
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Appendix I: Global Navigation Satellite Systems Data
Table A3.

GNSS station coordinates and data availability during 2018.
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Appendix I: Global Navigation Satellite Systems Data
Table A4. GNSS station data availability, 2017–2019.
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